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Ignition of Energetic Materials Under Conditions
of Complex Heat Exchange

Vadim V. Barzykin* and Alexander G. Merzhanovy
Russian Academy of Sciences, 142432 Chernogolovka, Moscow, Russia

The ignition of energetic materials under conditions of complex heat exchange between energy source and
ignited substance surface is studied. Expressions are obtained for the parameters of the ignition of energetic
materials by transient heat fluxes. The results are generalized, and an approximate method for calculating the
ignition parameters using a ‘‘universal curve” is suggested. It is shown theoretically and supported by exper-
imental results that when heat-flux intensity increases dramatically in time, ignition delay depends weakly on
kinetic and thermal parameters. A particularly interesting case, the ignition of energetic materials exposed to
two-phase flows (gas + solid particles), is considered in detail. It is shown that in this case the penetration of
solid particles into the surface layer of the reacting substance is essential. An approximate mathematical model

of ignition that includes this effect is proposed.

Nomenclature

= thermal diffusivity

= series coefficient

= specific heat

= sample diameter

(6,, x) = auxiliary function

particle diameter

= activation energy

= power coefficient

= pre-exponential factor

= number of series members

= index in thermal conductivity equation, 0, slab;
1, cylinder; 2, sphere

= heat of reaction

= heat storage in the preheated layer

= average heat flux

heat flux to the surface

= universal gas constant

Reynolds number

substance—shell interface coordinate

= temperature

= softening temperature

= time

= instant of reaching softening temperature

= gas velocity

= auxiliary function, X%, = X(t,,)

= space coordinate

= auxiliary function, Y%, = Y(X%,

heat transfer coefficient at the cylinder face

subjected to two-phase flow

heat transfer coefficient at the cylinder face

subjected to pure gas flow

volume concentration of particles in two-phase

flow

weight concentration of particles in two-phase
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B =

B.. =
flow
I'(n) = gamma function
0 = dimensionless temperature
A = thermal conductivity
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v = kinematic viscosity
o = RT,/E
Subscripts

f = flow

i = initial

ign = ignition

s = surface

1 = film
Superscripts

d = two-phase flow
n = nitrocellulose
0 = gas

Introduction

S a rule, studies on the ignition of energetic materials
(EM) deal with the investigation and quantitative de-
scription of the physicochemical processes occurring in the
vicinity of the EM surface under rapid heating. As a result,
condensed-phase, gas-phase, and heterogeneous ignition models
have been developed.!=* Actually, these models consider the
internal problems that accentuate intrinsic ignition mecha-
nisms. The processes of heat exchange between ignited EM
and the energy source are described in the simplest form.
Heating by constant radiant fluxes or by hot gases with
constant parameters (temperature, pressure, velocity), as well
as by incandescent constant-temperature plates, are most
commonly used in ignition experiments. These methods of
heating are convenient since they allow one to perform the
ignition under reproducible conditions suitable for mathe-
matical simulation. It is evident that the above approaches
do not encompass all types of heating that take place in reality,
e.g., in the ignition of solid propellants in rocket motors. An
essential characteristic feature of ignition under real condi-
tions, which requires theoretical consideration, is heating with
time-variable time not only due to variations in igniter inten-
sity, but also because of physicochemical processes proceed-
ing at the heated surface. Among these processes are EM
gasification®~ ! and heat losses by radiation'! under radiative
ignition, heating of a gas layer near the EM surface due to
rapid pressurization,'*~'* and change in effective heat feed-
back due to the reaction of decomposition products in the
ignition by hot gases.'*'® Nonstationary heat transfer is one
of the most important factors in the consideration of ignition
stability and the simulation of transient combustion.'”-'* The
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characteristic features of the ignition and transient combus-
tion of heterogeneous systems involving condensed reaction
products (thermites, initial mixtures for self-propagating high-
temperature synthesis, etc.) have been discussed in the survey
papers of Strunina, Merzhanov, and Barzykin.'9-2!

The present work deals with the external heat-exchange
aspects of ignition theory. This article presents a general anal-
ysis of the ignition mechanism under complex heat exchange
between the energy source and the ignited EM. Ignition by
a two-phase flow is considered in detail as a particularly in-
teresting case. The materials used were obtained in cooper-
ation with Averson, Gol’dshleger, Ivleva, Rozenband, and
Pribytkova.?-*

Theoretical Analysis of the External Problem of
Ignition Theory

There are two approaches to this problem. The first one,
based on detailed consideration of the heat transfer mecha-
nism, enables one to relate heat transfer parameters to ig-
nition characteristics. This approach can be used in particular
cases, but does not allow generalization. The second approach
implies that the heat flux to the surface is represented as an
arbitrary function of time g(¢). The ignition is then considered
for various forms of this function. This approach is formal
since it is apart from particular heat-exchange mechanisms.
It permits one to make general conclusions about the effect
of variations in heat-exchange intensity during ignition, and
can also be applied to the investigation of particular cases,
with the form of ¢(¢) predetermined (experimentally or an-
alytically) in inert models.

Bear in mind that real physical processes correspond to
different forms of g(t): the dependence can vary from de-
creasing (e.g., for gas flows with constant parameters) to in-
creasing (e.g., for gases under pressurization).

Let us apply the second approach to the consideration of
ignition by time-variable heat fluxes. In the analysis of the
external problem, it is reasonable to disregard the details of
the intrinsic ignition mechanism. It is advantageous to con-
sider the simplest thermal ignition model:

energy equation

aT *T E
cp o A e + Qk, exp <_RT> @)

initial condition

t =0, T=T, 0<x <o (2)

aT

R0 3

Let us define the time-variable heat flux from an energy
source to the ignited surface in the form of the power series

m

q,(t) = kE:() But 4)

This representation appears to be rather general and is valid
for a number of different functions g(t).

Ignition delay time £, ignition temperature 7;,,, and heat
storage in the bulk EM @, are determined by an approximate
method described by Averson et al.?>%* In this method,. the
ignition parameters are calculated using the solution obtained
for an inert body in terms of thermal conductivity theory, and
it is assumed that ignition occurs at the moment the heat
feedback from chemical reaction is equal to that from the

external source. In this case, T,,, corresponds to T,(t,,) for
inert heating, and Q,,, = fq, dt.
The critical condition for ignition is formulated as

arn RT.‘Z.. B E
git) = A E Qk, CXP[ RTY(t)] ()

In Eq. (5), the value of ¢,(7) is substituted from Eq. (4), and
T,(t) is the solution of the “inert” thermal conductivity prob-
lem [Eq. (1) with heat release term being neglected]. The
form of this solution is

T,= T, + (hep) 2 3 2kt D)

—_— 7 k+1/2
ATk + 32) P )

where

I'(n) = f: u"~texp(—u) du

is the gamma-function.

An analysis of Eqs. (1-4) has shown that for the arbitrary
function g,(f), the solution can be approximately represented
by a “universal” curve in the following form:

Y = T(X + 12)/T(X) )

where
X = 14,0 / [ 0.0 ar ®)
Y = ey ¢ OIT(0) — T ©)

It should be noted that certain finite sections and points of
the universal curve correspond to particular heat transfer
mechanisms. For example, ¢,(t) = (B, + B.,t)r* corresponds
to0=X=5and0 =Y =1.23V5; q, = constis represented
by X = land Y = V#/2; T, = const is represented by X
= 0.5and Y = 1/V3, etc. The universal curve is a gener-
alization of the pure thermal problem of heating EM by var-
ious types of heat fluxes.

The existence of the universal curve essentially simplifies
the calculation of ignition characteristics. To obtain the de-
sired characteristics of ignition, one may use the value of 7,(¢)
derived from Eq. (9) for substitution in Eq. (5):

T.(1) = T, + q.(0)VilcoX/Y[X()] (10)

In the latter expression, Y(X') should be used in the form of
Eq. (7), and X{(¢) in the form of Eq. (8). Finally, at given
function g,(f), one derives the value of ¢, to form the expres-
sion for the ignition condition [Eq. (5)].

The equations for calculating the ignition parameters take

the form:
/2 2
R t, q(tign)
oy R Jign |} 4sllign)
qs (tlgn) /\Qk" E I:TI + ()\CP) Yign
E 1
X exp _E' 172 (11)
T + (ﬁg,__) K qs (tign)
! ACP Yign

qs(ti n) 'ti n
7‘ign = Tx(tign) Qign = —Ag/——g—

ign

Similar relationships can readily be obtained in the case in
which the surface temperature is specified as a power series.*
Lubchenko et al.?** have performed an asymptotic analysis
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of the problem of the ignition of condensed systems by var-
iable heat fluxes and have compared the results obtained with
those reported by Averson et al.*

The mere fact that there is a universal function that allows
uniform representation of the ignition characteristics for dif-
ferent ways of heating is an important result of the approach
under discussion. Using this function, one can analyze ignition
dependencies.

Without loss in the generality of conclusions, let us use the
simple heat-flux kinetics

g, = Bt* (12)

to consider the influence of heat-flux dynamics on the de-
pendencies of the main ignition parameters (in particular, £,,)
on the thermal and kinetic parameters of the ignited sub-
stance. This problem merits detailed consideration since the
accuracy of the determination of these parameters is not high.
The parameter that defines the heat transfer dynamics in
Eq. (12) is the power k. At &k < 0 the flux decreases with
time, at k = 0 the flux is constant, at k > 0 it increases, and
at k >> 1 it increases dramatically.
Let us examine t,, as a function of kinetic Ok, and E, and
thermophysical A parameters. Substituting Eq. (12) into Egs.
(5) and (6), we have the following system of equations for
calculating ¢, and T;,:

ign ign*
'tk + 1)
.= T. -2~ 7 @kt 1/2 13
Tlgn Tl + (Acp) F(k + 3/2) B tlgn ( )
E \ RT% "
ign

Having differentiated Eqgs. (13) and (14) with respect to cor-
responding values, we obtain

Qk() atign I 1 (15)
tign a(Qk()) 1 + (2k + ]‘)D(el’ U)
_Iiit_'gﬂ — l+o l (16)
ten 9E 1 + 2k + 1)D(6,, 0) o
bign OA 1+ 2k + 1)D(6,, o)

where

D@, o) = (1 + 20)(6/2) — 1

ign ign

Equations (15-17) suggest rather important conclusions.

1) The larger the k, the weaker the £, dependencies on
Qk,, E, and A. Thus, with rapidly increasing heat fluxes, the
chemical nature of ignited EM manifests itself insignificantly
and the value of f,, depends totally on the flux dynamics,
i.e., on heat transfer conditions. In this case, there is no need
for precise formulation of f,,. For example, as an ignition
criterion, one can use a temperature rise up to a certain ar-
bitrary value called ignition temperature. In this particular
case, the calculations are weakly sensitive to the ignition model
employed (condensed-phase, gas-phase, or heterogeneous).

2) The methods of determining kinetic constants from ig-
nition experiments are used widely.3>-3 Expressions (15) and
(16) allow one to check the accuracy of the kinetic constants
determined by these methods. For example, Eq. (16) suggests
that for a given accuracy of activation energy E, the accuracy
of experimental determination of ¢, should be high at large
k and vice versa, if the accuracy of 1., is constant, the accuracy
of E decreases with increasing k. Therefore, the experimental

conditions under which the heat-flux intensity decreases with

time, kK < 0 (e.g., at a constant surface temperature), are most
favorable for accurate determination of the kinetic parameters
from ignition experiments. Kinetic parameters calculated us-
ing the #,,, values measured in experiments with heat fluxes
dramatically increasing with time are less accurate; hence, it
is unreasonable to determine parameters under such condi-
tions.

Experimental Techniques and Subjects of Investigation

Two experimental setups were used. The first makes it
possible to investigate the peculiarities of the ignition by a
two-phase flow.?”-*® Experiments are carried out under the
simplest reproducible thermal and gasdynamic conditions. Gas
passes through a furnace and enters a collector. Inert solid
particles in a bin are preheated up to the gas temperature,
and thereafter are carried to the collector where they mix with
the gas. The two-phase flow from the collector is conveyed
to the stabilization of the flow. Special measurements have
shown that the average velocities of the particles differ insig-
nificantly from the gas-flow velocity for all particle concen-
trations and sizes. The concentrations are uniform over the
cross section of the test section. The characteristic parameters
of the process are as follows: flow temperature 7, = 250—
650°C, gas velocity U = 13 m/s, volume concentration of
particles in the two-phase flow 8 = (0.5-6)-10~3, and ignition
delay t,,, = 0.5-100's. We used 60—380 um spherical particles
of aluminosilicate (melting point above 1000°C). Alumino-
silicate is an inert material and does not catalyze the thermal
decomposition of the substances studied. Cylindrical EM sam-
ples were inserted (insertion time less than 0.1 s) in the test
section perpendicular to the flow direction. The ignition time
was determined by the appearance of flame (visually for long
delays, and by a photoelectric device for short delays) and by
time-temperature records of a surface thermocouple. A sim-
plified version of the setup was used for experiments with
pure gas.

The second setup (ignition by the combustion products of
the igniter in a model rocket chamber®) was employed to
study the effect of heat-flux intensity increasing with time on
ignition delay. Pressed samples to be ignited were installed
in the chamber so that the end face of the sample was flush
with the inner surface of the chamber channel. An 8-um-thick
thermocouple was pasted onto the sample surface. The com-
bustion of the igniter produced a flow of hot gases that ignited
the sample. Powdered or pressed igniters of different weights
and compositions were used. The appropriate choice of out-
flow diameter and area of the burning surface of the igniter
provided the pressure rise in the chamber and, hence, the
heat-flux increase with time. Pressure, gas temperature, and
surface temperature of the ignited sample were detected by
a light beam oscillograph. The ignition time was determined
by an abrupt increase in surface temperature. To estimate the
value of the heat-flux incident onto the sample, we measured
the temperature of a symmetrically mounted inert sample with
known thermophysical characteristics and then performed a
calculation by means of a technique described by Kmonicek
and Jaworski.?”* The parameters observed were as follows:
gas temperature 1500-3500°C, pressure 1-15 atm, heat-flux
density up to 150 cal/cm?s, ignition delay 0.03—1.5 s.

The well-known model for homogeneous and composite
propellants (such as nitrocellulose, polyvinyl nitrate, and am-
monium perchlorate mixtures with bitumen and polyethylene)
were investigated. A similar technique was recently employed*
in the investigation of the ignition of double-base propellants
(gas velocity 150—400 m/s, pressure 20—100 atm, gas tem-
perature 1000-1500°C, and ignition delay 0.6—-40 ms).

Ignition by Convective Heat Fluxes of

Variable Intensity

The experiments on ignition by convective fluxes concen-
trated on the following: 1) experimental verification of the
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Table 1 Calculated and experimental data on the ignition of nitrocellulose by gas flow
[Moderate convective heating (first setup)]
Flow parameters, Ignition delay, Ignition temperature,
q, = a (T, — T,), cal/lcm’s Ligns S T...K
a, X 10°, cal/cm’s deg T, °C Experimental Calculated Experimental Calculated
1 400 51.2 57.9 494 505
2.5 400 15.8 16.5 507 521
3 400 11.8 12.4 510 515
4.5 400 7.6 7.4 525 519
2.5 500 7.1 7.0 512 532
6 400 4.7 4.4 530 538
2.5 600 4.2 4.7 515 539
6 450 3.5 3.8 540 545
7.2 400 3.5 3.8 532 523
6 520 2.2 2.4 548 552
6 640 1.6 1.5 578 562
[Intense convective heating (second setup)]
Flow parameters,
5 . ..
- Ignition delay, Ignition temperature,
— k—0.5
%= k§=:1 but Ligns S Tiens K
b, b, b, b, bs Experimental Calculated Experimental Calculated
2.53 4,98 -9.05 3.71 0.39 1.35 1.35 599 570
1.39 50.8 —1.66 x 10? 1.91 x 102 -73.1 0.89 0.95 569 579
7.63 —8.78 78.5 —2.57 x 10? 1.23 x 10° 0.61 0.68 567 586
20.3 -2.93 x 10? 1.74 x 10° —3.89 x 103 2.94 x 10* 0.52 0.53 609 594
239 —-4.3 x 10? 3.85 x 10° -1.3 x 10* 1.5 x 10 0.30 0.34 577 602
65.4 1.03 x 10* 5.96 x 10° 1.08 x 107 6.68 x 107 0.058 0.063 635 640
[=4
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Fig. 1 Universal curve. O, nitrocellulose; ¢, polyvinyl nitrate; A,

ammonium perchlorate + bitumen; O, ammonium perchlorate + pol-
yethylene, 1, calculated curve.

validity of the universal curve, 2) verification of direct cal-
culations in terms of thermal ignition theory at given kinetic
and thermal parameters, and 3) verification of the conclusions
about the weak dependence of the ignition delay time on the
above parameters for intense fluxes increasing with time.

Experimental results concerning the universal curve for dif-
ferent propellants are shown in Fig. 1. The section of the
curve at X, < 1 corresponds to the fluxes decreasing in time.
The experimental points corresponding to this section were
obtained on the first experimental setup.

The curve section at X;,, > 1 (increasing fluxes) was ob-
tained on the second setup. The figure shows that the exper-
imental point fit the calculated curve well. The direct calcu-
lations of the main ignition parameter ¢, were verified for
pyroxylin (nitrocellulose with nitrogen content exceeding
11.5%) whose kinetic and thermal characteristics were known.*
The results for various g(f) as well as calculations for other
ignition parameters are summarized in Table 1. It is seen from

Fig. 2 Dependence of t,g,,/t:;m vs 1/t,. 1, ammonium perchlorate +
polyethylene; 2, ammonium perchlorate + bitumen; 3, polyvinyl ni-
trate. ’

the table that the experimental ignition delays are in good
agreement with those calculated. The discrepancy of no more
than 10% testifies to the fact that the thermal theory is ef-
fective for these conditions.

Figure 2 shows that the effect of the kinetic and thermal
parameters of the EM on ignition delay decreases when the
EM is exposed to dramatically increasing heat fluxes. The
time delays of the EM under study are compared (the #7,, of
nitrocellulose is taken as a reference Value) The value 1/t%,
is taken as a measure of flux intensity in order to compare
the results for decreasing and increasing fluxes in this figure.

Figure 2 also shows that as flux intensity increases in time
and flux changes from decreasing to increasing, the difference
in time delays for different EMs lessens and practically van-
ishes at 1/r7,, = 10, indicating that the experimental data

ign
support the analytical predictions.

Ignition by Two-Phase Flows

We come now to the problem of ignition by two-phase
flows. This process is physically more complicated than that
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Fig. 3 Plots for £, vs 8 at various d. ®, ignition by pure gas flow (8
= 0); 1, d = 380 pum, nitrocellulose, 7, = 400°C, T; = 20°C; 2, d =
130 pm, nitrocellulose, 7, = 400°C, T, = 20°C; 3, d = 60 pm,
nitrocellulose, T, = 400°C, T; = 20°C; I ammonium perchlorate +
bitumen, T, = 500°C, T; = 20°C, d = 235 pm; II, ammonium perch-
lorate + polyethylene, 7, = 530°C, T, = 20°C, d = 235 pm; III
nitrocellulose, T, = 400°C, T, = 20°C, d = 235 umj; IV polyvinyl
nitrate, T, = 400°C, T; = 20°C, d = 235 pm.

considered previously. The ignition method in question is
employed to intensify heat transfer processes. In most cases,
pyrotechnical igniters with various compositions and duties
are used. Heat transfer to ignited EM occurs due to the con-
vective flows of gaseous combustion products of igniters, the
immediate contact of solid particles with the EM surface, and
radiation. Because the peculiarities of this process have not
been studied sufficiently, it is therefore of interest to deter-
mine its mechanism and to study the quantitative relations
between the ignition characteristics and two-phase flow pa-
rameters.”’ 3

Experiments carried out on the first setup have shown the
essential influence of the main parameters of two-phase flow
on ignition. Figure 3 depicts the dependencies of ignition delay
to(B, d) on the concentration and diameter of particles at
constant T, U, and T.. It can be seen from the figure that the
increasing concentration and decreasing diameter of particles
considerably reduce the ignition delay ¢, (the maximum re-
duction factors for nitrocellulose and polyvinyl nitrate are 15
and 10, respectively, and for ammonium perchlorate/polyeth-
ylene and ammonium perchlorate/bitumen are 9 and 5, re-
spectively). It has been established that in ignition by two-
phase flows (unlike in ignition by pure gas flows) the state of
the ignited surface is of importance.

It was found that the EMs under study are softened, giving
liquid surface films (nitrocellulose at 165-175°C, polyvinyl
nitrate at 48—60°C, ammonium perchlorate/polyethylene mix-
ture at 185-200°C, ammonium perchlorate/bitumen mixture
at 80—85°C). However, the sample geometry and size remain
practically unchanged by the time of ignition. When a sample
is heated up to its softening temperature, solid particles begin
to penetrate into the surface layer. Particle penetration was
established experimentally by means of microscopic exami-
nation of samples removed from the test section at different
instants of the induction period.

In the analysis of ¢, dependence on the two-phase flow
parameter, visual observation, cinematography, and exami-
nation of sample surfaces with a microscope allowed us to

formulate the following concept of the mechanism of igniting
nonvolatile condensed substances by two-phase flows.

If the sample surface remains solid (i.e., the propellant is
not softened at temperatures lower than the ignition temper-
ature), the heat transfer is intensified due to boundary-layer
turbulization, radiant flux from the particles, and impacts of
the hot particles on the propellant surface. All of these factors
can be accounted for in ordinary thermophysical measure-
ments. Such measurements have been performed for inert
samples and the results have been generalized? as the criterial
dependence

(a o) — 1 = 3.68'¥(D/d)*8-(TJ/T,)** (18)
where a, and o, = 1.14A(U/Dv)*>(v/a)’*" are, respectively,
the effective heat transfer coefficients at the cylinder face
exposed to two-phase and pure gas flows. The dependence
holds for 103 < B < 6-1073, 10 < D/d < 200, 1.7 < T/T,
< 3.2, and 80 < Re < 1200.

Experimentally, the solid surface case was realized for py-
roxylin and polyvinyl nitrate samples with the ignited surfaces
protected by thin (=10 pwm) metal foil. In the #,(a) coordi-
nates, the results of these experiments, as well as the exper-
imental data on the ignition by pure gas flows, show good
agreement with the thermal ignition calculations for the case
of Newtonian heat exchange.

Thus, if the EM surface is not softened, the ignition is
described in the familiar manner via the available heat transfer
coefficient.

However, this simple heat transfer mechanism is unable to
describe the ignition process in the case of a softening surface.
Calculations through the heat transfer coefficient determined
without regard for particle penetration reveal an essential
(several-fold) discrepancy with experimentat results.

In this case, one should take into account particle penetra-
tion into the propellant surface and the corresponding addi-
tional intensification of heat transfer. A comparison between
the time dependencies of surface temperature at heat ex-
change coefficients equal for gas and two-phase flows shows
that the curves coincide only at temperatures below the soft-
ening temperature. In the case of two-phase flow, the surface
temperature rises abruptly, which is indicative of an additional
amount of heat received by the sample.

Particle penetration depends essentially on the relation be-
tween softening temperature 7* and ignition temperature T,
as well as on heat-flux intensity. It can be shown that according
to the relation between T* and T,,,, there are three regimes
of particle penetration into the surface:

1) T* > T,,. In this case the penetration is absent (see
previous text).

2) T* << T,. The mechanism changes early in the de-
velopment of the process. The additional heat received by the
sample has time to diffuse. Therefore, during most of the
induction time, the sample is heated through a thin layer of
particles that weakly affect the process.

3) T* = T, Particles start to penetrate the EM surface
at the end of the induction period, where chemical reaction
plays an important role. In this case the particle penetration
effect is most important, and total ignition time #,, depends
mainly on the time of heating up to the softening temperature.
Thereafter, the process runs rapidly and, perhaps, follows the
hot-spot mechanism [see, e.g., the sharp rise of the ¢,,(B)
curve for large particles in Fig. 3].

Special experiments were conducted in an effort to deter-
mine the effect of T* on the penetration of particles into the
surface. Since it is rather difficult to find EM with different
T* values and known kinetic and thermal parameters, we
used nitrocellulose samples coated with a thin layer of a sub-
stance with a certain melting temperature. Compounds of
aromatic hydrocarbons and paraffins were employed as coat-
ings. Results of the experiments conducted (for correct com-
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Fig. 5 Dependence of #2,,/t¢, vs 1/t§,, for nitrocelulose. ¢, first setup,

B.. = 3.5kg/kg; A, first setup, B, = 9 kg/kg; O, second setup, various
concentrations.

parison) at the same heat transfer coefficient and gas-flow
temperature are shown in Fig. 4. The ratio of t£,, for the two-
phase flow to #5,, for the pure gas flow is taken to be the
parameter characterizing the effect of softening temperature
value, the value of #£,, being obtained both theoretically and
experimentally. The figure shows that for the described ex-
perimental conditions, the largest penetration effect is ob-
served at T* = 155°C, with T, being 237°C.

The heat-flux intensity also has an essential effect on the
penetration process. This effect was studied experimentally
on both the setups. To compare the results obtained on the
different setups, the value 1/T%,,, which incorporates the in-
tegral heat transfer disregarding the penetration, was used as
the intensity characteristic. Figure 5 shows corresponding curves
for different particle sizes and temperatures. At low heat-
exchange intensities (ignition delay time 1-20 s, g = 0.5-2
cal/em?s), the penetration effect increases with increasing in-
tensity. At a certain value of 1/t,,, these values are different
for different propellants, and the penetration effect reaches
its maximum (the minimum on the curve).

With a further increase in intensity, the effect of penetration
decreases, and at g ~ 20 cal/cm?s (f,,, ~ 0.03 s) the ratio ¢,/
t,. is close to unity.

The penetration of particles can be taken into account in
calculations using the following approximate model of the
process.”® The sample is heated up to the softening temper-
ature due to the convective flux corresponding to the heat
transfer coefficient determined disregarding the penetration.
When the softening temperature is reached, the surface is
immediately covered by a thin film of inert particles whose
temperature is the same as the flow temperature and thickness
is equal to the particle diameter.

The assumption that the film appears instantaneously can
be supported by calculation of the time of covering the surface
with particles. It is essentially less than f,. The assumption

that the film thickness is equal to d is confirmed by obser-
vations with a microscope, which show the particles to be
arranged at the surface in one layer.

After the surface film forms, the external convective flux
remains as before and affects the sample through the film.
The mathematical description of this model is as follows.

Heating the sample up to softening temperature is described
by the thermal conductivity equation with a chemical heat-
release source and corresponding boundary and initial con-
ditions:

aT T noT E .
cp PPl A <6x2 + ;a) + Ok, exp <_ﬁ> (19)
oT aT
A 5‘; N = —ad[T(r, t) - Tf], 5; . =0 (20)
T(x,0) = T, 1)

To describe the process for the moments when ¢ > ¢* [which
corresponds to T(r, *) = T*], an accompanying problem is
solved incorporating thermal conductivity equations with a
source for the EM and without a source for the film, and with
corresponding initial, boundary, and matching conditions:

cﬂ‘—/\az—Tﬂ-ﬁﬂﬁ-lex ——E—
pat_ ax?  x ox o €XP RT

O<x<r (22)
aT a°T,  noT,
Clpla_xl: 1<6x2 +;¥>, r=x=r+d (23)
oT aT,
Ti(x, t*) = A—| =Aa— 24
l(x’ ) Tf’ ax r. ' ox r,r ( )

T(r, t)y = Ty(r, t) 23)

T,
A L

— = —a[T\(r + d,1) — T)]

r+d.

In this case, the initial temperature distribution in the sample
for the accompanying problem is the temperature distribution
at r*. Subscript 1 denotes the film.

This simplified model does not take into account the influ-
ence of particle concentration on the effect of penetration.
However, special experiments with variable particle concen-
tration at a constant heat-exchange coefficient have shown
that there is a region (8 > 2-1073) wherein the ignition delay
time is practically independent of the concentration.

The dependence of t{,,/tf,, on the softening temperature
T* calculated in terms of the above model shows good agree-
ment with the experimental data given in Fig. 4. The curve
shape and the temperature (accurateto = 15°C) of the minimum
4. /ty, are the same in both the experiment and the calcu-
lations. The conclusion that the penetration effect decreases
at T* < T;,, and T* >> T, is confirmed.

The results of direct calculations of ignition delay for ni-
trocellulose (the T* = T, case) are in good agreement with
the experiment. The discrepancy is less than 30% (see Table
2). The approximate model considered above is applicable to
high particle concentrations in the blowing flow since it is
assumed that at the softening temperature the EM surface is
instantaneously coated with hot particles. The model fails to
describe the process at low particle concentrations, when the
particles penetrating the surface are sufficiently distant from
one another. In this case the process follows the hot-spot
mechanism, i.e., a particle penetrating the surface can cause
local (hot-spot) ignition. The ignition of EM by single particles
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Table 2 Comparison of calculated and experimental data on the
ignition by two-phase flow

L

ign>

experi- calcu-
a, d, T, mental, lated,
cal/cm?®s deg B “ °C s s
6 x 1073 57 x 10~3 380 1.4 1.15
130 400 1.7 —
60 2.0 2.25
450 1.2 0.9
235 520 0.8 0.6
640 0.45 0.33
3 x 10°3 3 x10°3 380 3.9 3.8
130 400 5.1 _—
60 6.7 8.1

has been studied experimentally and theoretically.*-*2 The
hot-spot ignition model allowed interpretation of the exper-
imental data on ignition by two-phase flows with small particle
concentrations. The region of applicability of these two models
has been distinguished?®!' according to the concentration value,
with the heat-exchange coefficient, flow temperature, and
softening temperature of the EM being constant. The hot-
spot ignition of a metal powder in oxygen has been considered
by Aristov et al.*

Conclusions

The investigation of the external problems of the ignition
theory, wherein the complex forms of heat exchange between
the energy source and the EM surface are considered, is of
unquestionable interest. In the present work, two approaches
that yielded both general and particular results were applied
to the solution of these problems.

It should be noted that the results presented here corre-
spond to the simplest problem formulation when the depletion
of the reactant in the condensed phase prior to ignition is
neglected. Even so, it is known that depletion may play an
important role in ignition, especially at high heating rates. In
the last case, the effects of the reacting surface motion become
significant prior to the instant of ignition and the decrease of
heat release in the condensed phase due to the decrease of
the reactant concentration in the subsurface layer.

Possible errors in the treatment of experimental data on
ignition under intense heating might be estimated on the basis
of numerical calculations within the framework of more so-
phisticated problem formulation. At the same time, the above
considerations underline the importance of determining the
global kinetic parameters, using the experimental data on
ignition at constant or decreasing in time the heat flux of
moderate intensity when the fast runaway of exothermic
chemical transformations in the condensed phase is most ap-
parent.

It is easy to see that the particular relationships derived in
this article to calculate the ignition characteristics are based
on the particular choice of the ignition criterion in the form
of Eq. (5). Changing the ignition criterion will change the
relationships for calculating the ignition characteristics. Nev-
ertheless, the universal curve in Eq. (7) remains valid and can
be successfully used in the calculation of ignition character-
istics.

In the future it would be reasonable to’ determine if the
peculiarities of ignition by time-dependent heat fluxes hold
for systems with different physical chemistry ignition mech-
anisms. Also of interest are the ignition processes involving
other complex forms of heat transfer (e.g., ignition by con-
densing vapor).
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