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A method for analyzing unsteady combustion of explosives and powders (method of combustion zone
"freezing™), based on the assumption of purely thermal one-dimensional effects in the combustion process,
was proposed in [1]. Owing to the high thermal conductivity of metal, the heat flux from the combustion
zone increases with the approach of the combustion wave to the powder—metal interface. When a certain
critical value of the flux is reached, combustion ceases and a layer of unburnt powder remains on the
metal surface. Dependance of the thickness of the unburnt powder layer on pressure was theoretically
analyzed in [2] and experimentally established in [1]. A quantitative analysis of conditions of powder
combustion extinction resulting from the interaction between the combustion zone and the powder —metal
interface is given in [3].

Data on the effect of initial temperature on the thic™ .ss of the unburnt powder layer derived by the
method of "freezing" the combustion zone are presented below. The practicability of approximate cal-
culation of unsteady processes occuring during the approach of a combustion wave to the powder —metal
interface is examined. Theoretical and experimental data are compared.

1, Statement of the Model Problem. The problem of thermal interaction between the combustion
front and the metal —powder interface for the model of unstable powder combustion propesed by Zel'dovich
[4, 5] can be presented in the form [2]
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Here x and t are, respectively, the coordinate andthetime, ® isthe coefficient of thermal diffusivity,
ug and u are the rates of powder combustion under steady and unsteady conditions, respective ly, Xgis the
coordinate of the moving combustion surface, ! is the thickness of the powder layer at the initial instant
of time, Tg is the temperature at the surface of combustion, and Ty is the initial temperature of the powder.
Dots and primes denote differentiation with respect to time and coordinate, respectively.

The boundary condition at the powder —metal interface (¢ = 0), introduced in [3], avoids the difficul~
ties related to initial conditions at infinity (the so-called degenerated boundary conditions) of the form
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The error introduced by the substitution of condition (1.2) for the zero boundary
\\ o] Z|wih q condition at the interface can be made as small as desired by choosing a suffi-

ciently thick initial layer of the powder sample (L >1),

I the dependence of the stable rate of combustion on temperature T, and
pressure p is approximated by formula uy = u;p?” exp 8T, the function F(w,(")g)
defining the relation between the unstable combustion rate and the temperature
gradient at the surface of combustion is of the form

weexp[t — )], =B~ Ty p=(Ln) 14)

If, however, this dependence is approximated by function uy = ap?/(1 — oTy),
then for function F(w(¢"g) we find »

w =t (L.5)

2. The Approximate Solution. An explicit analytical solution of the problem (1.1)-(1.3) is not possible.
The most widely used method for the approximate solution of problems of unstable combustion is that of
integral relationships [6~9]. The success of this method largely depeunds on a correct a priori selection of
the form of the sought approximate solution. Let us investigate the possibility of solving problem (1.1)~
(1.3) by expressing the dimeunsiouless temperature in the form
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Here coefficients a, = a,(7) are the unknown functions of time such that ay(0) = 0.

Function (2.1) satisfies the boundary and initial conditions (1.2). For a more specific definition of
the approximate solution, it is necessary to write down the equations determining functions g,(7). A satis-
factory approximation can be hoped for, if in expansion (2.1) we retain only the term with o = 0 and define
function ay(7) by the heat-balance integral [8]

2\ PE DdE—E =) — @ (2.2)
0 .
Substituting (2.1) into (2.2), we find
B0 + (B& — 6) a0 Py B8 (€5 bt B —2) — 35, (1 — %) = 0 (2.3)

Equation (1.3), which determines the variation of the £ -coordinate of the surface of combustion, now
takes the form

& = — F (&, (8)) (2.4)

(8, =1 (™ — e L), (2.5)

Note that funection (2.1) is such that the temperature gradient at the surface of combustion is expressed
in terms of only the £g-coordinate of that surface; hence, the approximate equation for the rate of unstable
combustion can be integrated independently of Eq. (2.3).

Thus, when the relationship between the rate of unstable combustion and the temperature gradieut at
the surface of combustion is defined by (1.5), Eq. (2.4) is integrable in guadratics, which yields
. ¢ zdx _ 1—e &
S\l et 00T

Let us examine the problem of determining the thickness h of the layer of powder which remains
unburnt on the surface of metal with (1.4) as the law of combustion extinction proposed by Zel'dovich., Ac-
cording to [4, 5], the temperature gradieut at the surface of combustion cannot exceed, undergiven coun-

ditions,a certain maximum value equal to
’ — 1 g
(ﬁ )s* - —8_‘6 1 (2.6)
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Equating the expression (2.5) of the temperature gradient at the surface of combustion to its critical
value (2.6), we obtain
1 { hug
Tt lbptoch), A= @.7)

which determines the thickness of the powderlayer on the metal at the instant of combustion extinction,

Parameter e-L can, obviously, be neglected when actually solving Eq. (2.6). This equation has a

solution for auny value of parameter &,

Equation (2.7) makes it possible to investigate the dependence of h on the initial temperature Ty and
pressure p. Differentiating (2.7) with respect to T and p, we obtain
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In the particular case of (8Tg/8p)T = 0, Eq. (2.8) yields the dependence of the thickness of unburnt
powder layer on pressure, established earlier by means of similarity and dimensional analysis in [2].

Equation (2.9) shows that the thickness of the unburnt residual layer decreases with increasing initial
temperature.

Let us consider the approximate solution of the problem of interaction between the combustion zone
and the metal—powder interface using the model of a combustion zone with variable surface temperature
[10]. For this we have to use in the input equations (1.1)~(1.3), when passing to dimensionless coordinates,
the value of T4 prevailing at the initial instant of time, aund substitute coundition 4 (£ 5,7) = ®((#")g), where @
is a known function of the temperature gradient at the surface of combustion, for the conditions at that
surface. The form of the a priori expected solution, continuously tending to the Michelson profile, can
then be written

BE =0 (@))e °— (1-g) =D (127 é an(g’;)" (2.10)

8 n

Function &, obviously, satisfies the initial condition ®(1) = 1. For the temperature gradient at the
surface of combustion, from (2.10) we obtain

1 -E
(@) =® () +5 (e "—eh) (2.11)

Let us use this formula for investigating the motion of the representative point in the diagram of
W(’(ﬁ")s.

Differeuntiating (2.11) and function w = w((')s), we obtain
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According to {10],
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From (2.12) it follows that
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The derived relationship is valid not only for functions of the kinds (1.4) and (1.5), but also for the
relationships analyzed in [3, 10]. Equation (2.13) shows that with the approach of the combustion front to
the metal—powder interface, the combustion rate increases when & > 1 and decreases when € < 1, indepen-
dently of the magnitude of parameter r.
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3. The Experiment. Investigations of the effect of initial temperature of the specimen on the thick-
ness of the unburnt powder layer on a copper plate were carried out in a nitrogen atmosphere in a constant
pressure vessel. A mark-H nitroglycerin powder was chosen for this investigation. In the first series of
tests at a pressure of 1 atm, specimens of 23.6 and 9 mm diameter were used, while in the second, carried
out at a pressure of 20 atm, 6-mm-~diam. specimens were used. The results are as follows:

at the pressure of 1 atm,

Ty (°C) = — 60 —40 20 50 80 100°
A(mm)=10.62+0.02 0.52+0.06 0.27+0.01 0.24+0.02 0.13+0.01 0.10+0.0t

at the pressure of 20 atm,

To(°C) = — 140 —120 —90 —50 18
(mm)=0.65+0.07 0.40+0.03 0.23+0.05 0.12+0.04 0.04

Within the limits of accuracy of this experiment the derived dependence plotted in semi-logarithmic
coordinates can be considered as linear (see diagram). The slope of these straight lines is

Alnh/ ATy = —11.5-10%  (deg)™for p =1 at
Alnh/ ATy = —15.2107 (deg)™ for P = 20a¢

It is interesting to recall in this connection that according to [11] the temperature coefficient of the
rate of combustion for the mark-H powder varies as follows:

at 20 atm,
To(°C)=—150 —100 -—-50 0 50 400 440
B(°C)=0.5 2.0 3.5 5.0 7.0 9 15
at 1 atm,
To(°C)=—200 —100 0 50 100
B(°CY=1.0 3.0 9.8 12.5 14.3

At the same time, according to {12] the coefficient 3 can be counsidered to be a piecewise-constant
function: for T, < 20°C, B = 1.95 x 107 (deg)~"; and for T, > 20°C, g = 14.6 x 10~ (deg)~?

A qualitative correlation of obtained theoretical and experimental results can be seen., The depen-
dence of the thickness of the unburnt powder layer on a metal surface on initial temperature — the decreas-
ing function of temperature d In h/dTy < 0 —is confirmed. The experimentally obtained value of d In h/dT,
is close as to its order of magnitude to the temperature coefficient of combustion rate p. It should be
noted that a quantitative comparison of theoretical and experimental data on the relationship h(T;) is not
possible for the following reasons. The application of the Zel'dovich theory of powder combustion [4, 5],
and,in particular, of the criterion of combustion extinction, to the mark~H powder would mean going
beyound the limits of applicability of that theory. The limits of stability of the stable combustion mode
of the mark~H powder are noticeably wider than theoretical estimates, There is an anomalous effect of
the initial temperature on the rate of steady combustion and, as a consequence of this, the dependence of
the unstable combustion rate on the temperature gradient at the surface of combustion differs from that
considered by Zel'dovich in [4, 5]. The criteria of combustion extinction proposed in [3, 10] for the mark-
H powder cannot be at present computed.
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