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TRANSIENTS IN THE BURNING OF POWDERS

B. V. Novozhilovy

(Moscow)

During the sBteady-state burning of powder, the burning velocity
and temperature distribution are constant, i.e., they do not depend
upon time. If in some manner the steady state is disrupted (e.g.,
change of pressure), these magnitudes will begin to change with time
and the burning will become nonsteady-state in which case, eventually,
a sBteady-state regime corresponding to the new conditions 1is established.
Buch a transient from one steady-state regime to another can not be
accomplished instantaneously because of the finite nature of the
relaxation times of the different processes which determine the burn-
ing of powder. In conJunction with this there emerges the question
of nonsteady-~state burning of powder during a transient. The question
of nonsteady-state burning of powders was first examined by Ya. B.
Zeltdovich [1].

Here we examine the simplest nonsteady-state processes during the
transition of the burning of powder from one steady-state regime to
another. By numerically solving equations, we determine the time-
dependences of the burnlng veloclty, pressures in the chamber, and
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temperature profiles in the solid phase.

1. Statement of the Problem

Let us examine two types of transients:

1) the transition from a steady-state regime of burning at initial
pressure pg;, to a steady-state regime of burning at pressure Py during
which pressure changes instantaneously;

2) the transient in a powder chamber from steady-state burning
at pressure Py to steady-state burning at pressure Py In this case
the transition is accomplished by an instantaneous change of the
nozzle section from the vaiue Ggs corresaponding to Py» to the value
0y corresponding to Py:

First of all let us start with the question of the relaxation
times of varlous processes durlng the burning of powder in a chamber.
If we examine the plane case (Fig. 1), the entire region -o ¢ x < o
can be divided into three parts (the coordinate system is associat;d
with the solid phase):

Region (1) — Solid phase O < x < », where only heating of the
powder takes place. In this reglon chemical reactlons do not take
place.

Region (2) — combustion products (-» < x < b).

Region (3) (b < x < 0). Here chemical reactions take place, in
the solid phase (d < x < 0), as well as in the gaseous phase (b < x < d).
In this way, all of the chemical reactions take place in region (3),
where x = O corresponds to the beginning of the reaction in the solid
phase, and x = b corresponds to the termination of the reaction in
the gaseous phase.

The relaxation time of the distribution of temperatures in
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preheating region (1) is determined by the linear burning velocity u
and by the thermal diffusivity of the powder n; it equals
ty = w/u? (1.1)

In region (2) we must examine two time characteristics; first,
the time of the pressure change due to gas discharge from the nozzle
and, second, the time for pressure equalization throughout the chamber.
The characteristlc dlscharge time

. ’ _1_,_,__ (1.2)

T Tam U T Tupey
where V is the free volume of the chamber, a 1s the powder strength,
0 18 the critical nozzle sectlion, A is the dlscharge coefficlent, p
i8 pressure, p is the density of the powder, and S is the burning
surface.

The time of pressure equalization throughout the chamber will bde

ty = 1/ (1.3)

where | is the characteristic size of the chamber, and o 1s the speed
of sound.

Three time characteristics can be introduced in region (3): the
reaction time in the condensed phase, the time of the preheating of
the gas up to the reaction temperature in the gaseous phase, and the
reaction time in the gaseous phase.

The reaction time in the condensed phase can be defined as the
ratlio of the thickness of the reaction layer d to the burning velocity.
On the other hand, the order of magnitude of d is

doar et
CUude e,

where AT is the temperature interval (of the order of several degrees),
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in which the chemical reactlon takes place. Under steady-state condi-
tions

LUy, =T

;
Ldd v ow

where Ti 18 the temperature when x = 0, and To is the initial tempera-

ture of the powder (when x = ). Finally we have

L (1.%)

Pl vpey A

The time of preheating of gases up to the burning temperature
equals

D3

Is s (1. 5)

where D 18 the coefficlent of diffusion, and Py is the density of the
gas.
Finally, for the recaction times in the gaseous phase we get an

estimate analagous to (1.4), i.e.,
1N (1.6)

fa p ol

where AT! 1s the temperature 1lnterval, in which the chemical reaction
takes place, and T2 1s the combustion temperature.

From these estimates 1t 1s obvious that the times t4 and t6 are
much smaller than times ti and t5, respectively. Thus, times t4 and
t6 can be ilmmediately disregarded in an examination of nonsteady-state
processes. Let us represent the values of the times in seconds.

1, =G-107?, [PR ) hE R Iy 103, L==5-100 when  p - | ate
N == 1073, fy = 5.0, fy W, 55=:107% wram p : 10U atm

Here we assumed ul[cm/sec] = 0.01+p2/3 [atm]

cu? ) (X1
a - B et % - DAt —— i
atm -u'lg, seo D=2 Frys

7 = 1.0 glead, Vo= {00 c2?, Y200 el t 210 e co =10 cuyfpee .

From these data it is obvious that relaxation times t3 and t5 can
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be disregarded compared with t.‘. and ta. Therefore we can consider
that region (3) relaxes much more rapidly than regions (1) and (2).
Henceforth we will examine only the relaxation times of regions (1)
and (2), considering that the change in values in region (3) with time
are instantaneous.

Moreover, we will consider that the pressure and temperature of
the combustion products are cors tant throughout the chamber. Tempera-
ture 1‘1 willl also be conslidered constant, since it 1s known that the
change in temperature on the surface of the powder, as a function of
pressure, is slight compared with the temperature :'Ltself.

2. Basic Equations

The burning velocity of powder in a steady-state regime depends
- upon the pressure p and initial powder temperature TO' We will con-
sider that the burning velocity of the powder 1s determined by the
formula

» = Bp*(l-}-aT) B, a vanst, <« . %) (2.1)

The temperature profile in the solid phase.is given by the well-
nown Michaelson solution

Ty Ty (P, Tgesp 500 (2.2)

7z .

In the nonsteady-state regime, the burning velocity and tempera-
ture profile wlll not be determined by derived expressions. The burn-
ing velocity will de determined by the rate of the chemical reactions
in region (3), which depend greatly upon temperature; this temperature
dspends not directly on the temperature when x = «, but on the tempera-
tm'e. gradlent when x = Q. 'rherero_re for nonsteady-state burning we
should use not the relation u = u(p,T,), but the relation u(p,o),
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where ¢ = (B’I'/Bx)m_o
For the steady-state case, from (2.1) and (2.2) we get

w = pp ELE (1 (1 I ::').‘)' np (“I‘)x ..\)“']

In connection with the above, the preceding formula, can be
immediately generalized for the nonsteady-state case, where instead of
(d'.L‘/dx)x_o, we must substitute (b’l‘/bx)xao = ¢. Thus,

(i aTh a’l‘,) A . (2,3)
w = Rp [1 i Iy ”u'ﬂ)’l»r ‘vJ

The temperature gradient in the s0lid phase should be determined
from the equation of heat conductivity in region (1)

'-:%; - T;;— (x':’,;- - u'l') (2.“)
The pressure in the chamber 1s subject to the balance equation

:’f:: = (enS — poda) (2.5)

The first term on the right describes the pressure increase in

the chamber due to the burning of powder, the second term describes
the decrease due to discharge.

A transient begins from a state of steady-state burning

t -0, V= P ] uy, : Bpy (1 - al'y. (2,6)
T(2,0) = To-+ (T, — T4 oxp( ’ '1;72\‘

The boundary conditions have the form

W, =7, T, t)y 7T, (2.7)
Let us now introduce the dimensionless magnitudes

n L w 2 g F_Te t o w?

Sl g 4 —

I : ' A AN * o ® ' ! ® (2.8)
_l_"u[‘» " 46[\. N - '17 n

paNg ' A .
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The dimensionless soordinate £ and time T are the ratio .of the
Jength and ttiime 'to ‘the oharscteriatic length mw/u,.and time y/u3 in
the #0lid ;phase; the .pavameter ;y is ‘the :ratio of ‘the dischayge time
to the 'relaxation :time 0f the #0lid phase at the initial preasure; 8
‘18 the :ratitn of ‘the mass -velodity of gas discharge at pressure Py -and
prafile o to :the mass of the .gas .which 18 released per unit time hy
“the -sentire .surface .of ‘the :powder in a - steajy-state vegime at ‘the same
‘pressure; the parameter n .characterizes the degree of heating of the
‘powder; the value n = 2 corresponds to a thoroughly heated powder.

.\ib\nmupahmu“that n =.1 correaponds to the limit of atable burning of
‘the -powder.

"In dimensionless variables, Egs. (2.3), (2.4), and (2.5) take

the form

. ﬁ;', e ‘"”;Tﬁg)i“)HJ (2.9)
L) (2.10)
T e — (2.11)
‘With the initial conditions
A l,w d, veel wem T 0 (2.12)
R R N T I (2.43)

The initial state corresponds to the steady-state solution of
‘these equations when f = 1.

The equations were solved using an electronic computer.

5. ZIransients With an Abrupt Change in Pressure Difference

The simplest nonsteady-state .process is the transition from steady-

atate burning, when p = Po» to a steady-state regime when p = Py»
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accomplished b& an abrupt change in pressure from Po to Py- In this
case, the pressure during the nonsteady-state process remains constant
(equal to pi), and to solve the problem we need examine only the two
equations (2.9) and (2.10).

In the first moment of time, the temperature profile in the solid
phase corresponds to steady-state burning when p = Po» and the pressure
equals p,. Therefore the burning velocity when 7 = O (the beginning

of the transient) assumes the value
0@ =T[4 (1= @i )j (3.1)
When , > 1 we have o' (0) > g3 therefore the absolute value of
the gradient at the surface should increase, which, in turn, leads
to a decrease in the burning velocity. In time, the velocity tends
toward Wy, = Ty, while the temperature distribution tends toward the
Michaelson profilg 6 (&, = exp (-wie), which corresponds to steady-
i state burning when 7 = Ty -
In Fig. 2, curves 1-4 give the dependences of the burning velocity
@ on the time 1 for the values T, = 2, 20, 50, and 200, respectively,
for n = 1.15. Figure 3 glves the change of the temperature profile
with time for m, = 10 and n = 1.15. Curves 1-6 correspond to the
values v = 0, 0.016, 0.051, 0.121, 0.237, and =. Obviously, the
greater m,, the greater the velocity value a:(O)/bi, and the more rapid
1s the transition to a new steady-state regime (with a greater burn-
ing velocity the heated layer of powder burns more rapidly).
Figure 4 1llustrates the dependence the nonsteady-state burning
veloclty on the degree of heating of the powder for Ty - 10. Curves
1, 2, and 3, correspond to the values n = 1.25, 1.15, 1.05. The more
the powder is heated (the greater is 1), the less is the transient
expressed. For a thoroughly heated powder (n = 2 and To = Ti)'
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nonsteady-state phenomena are not observed and the velocity always

satisfies the eondition o = ¥’.
In a nonsteady-state region an effective pressure exponent v!' can

be introduced in the law of burning, which is important for the question
In the steady-state case

of the stability of the burning of powder.
“ o r/-_-‘)" .(3°2)
"y \ja/
In the nonsteady-state case let us write, analogously,
n i WY
Loy (3.3)
From this
(3.%)

1 (1) ey
() e

FPigure 5 gives the dependences of the effective pressure exponent
v! on the law of burning (t) when 1 = 1.15. Curves 1-4 correspond to
At the initial moment of time

__ the values v = 2, 10, 50, and 200.
(3.5)

13 . l '] . ' "11
V() = vl lu—'—)-[x -t (1- -(2n — “3)3_.‘—) _;[l" m,
With decreasing v,, the function v1(0) increases and tends

toward the value
(3.6)

Sy

W) TR Y e

4. Transients During an Abrupt Change of the'Nozzle Section

During the steady-state burning of powder in a chamber, each
nozzle section has a corresponding pressure, determined from (2.5)

when dp/dt = O
(4.1)

0-:-’:‘—-S
/ T A3

l.e., B = 1. If tle nozzle section is changed in a period of time
which 1s short compared with the characteristic times ti and ta, there

-0~



R T GRS

begins the nonsteady-state process of a transition from steady-state
burning at Po to steady~-state burning at Py which corresponds to the
new value of the nozzle section.

With an abrupt decrease of the section, the velocity at the
initial moment of time is not discontinuous, since the pressure in
the chamber.is equal to the initial pressure Po* Then the pressure
begins to 1ncreaag, since with a smaller nozzle section the discharge
takes place more slowly and dp/dt > Q.

The pressure increase brings about a velocity increase and a
change of the temperature profile in the solid phase. With different
values of the parameters vy and f (or ri), the nature of the pressure
change as a function of time will differ. The greater the y (for the
same B), i.e., the larger the ratio of the discharge time to the
relaxation time of the solid phase, the less the nonsteady-state
process differs fromn the quasisteady-state process in which the wveloc-
ity is continually proportional to p’. °

Figure 6 shows the dependence of pressure v on time 1 for -
= 100 and 1 = 1.15. Curves 1-5 correspond to the values y = 0.001,
0.002, 0.005, 0.008 and 0.01. Figure 7 shows the dependence of press
sure and velocity on time when my = 50, n= 1.5, and ¥y = 0.002. Fig-
ure 8 gives the change of temperature profile with time when - 50,
n = 1.15, and vy = 0.002. Curves 1, 2, and 3 correspond to the values
T =0, 0,077 and », From the graphs it 1is obvious that with low
values of v, the pressure in the chamber can exceed the magnitude of
the absolute pressure Py- Figure 9 presents the values of the rela-
tive pressure excesses A = T, - wi/ii as a function of y when 3 = 1.15,
where 7 18 the maximum value of the pressure in the chamber. Curves
1-5 correspond to the values Ty = 5, 10, 50, 100, and 200. Figure
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10 gives the time 7, during which the pressure reaches its maximum
vs. the parameter y when n = 1.15. Curves 1-4 correspond to the values
T, = 5, 10, 50, and 100.

The transients examined are the simplest ones, while the results
obtained are accurate for times which exceed the relaxation times t3,
t#’ ts, and t6.' In order to get correct results for short times, it
is necessary to examine a more complex system than (2.9)-(2.11).

In conclusion, I wish to thank Ya. B. Zel'dovich for discussing
the formulation of the problem and 0. I. Leypunskiy for his help, and
also A. A. Milyutin, G. G. Vilenskaya, and Ye. A. Prozer who solved '
the equations and carrled out the calculations on the computer.

Submitted May 2%, 1962
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