
UNCLASSIFIED

AiD 401 741

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

UNCLASSIFIED



NOTICE: When £overient or other dravinps, speci-
fications or other data am used for any purpose
other than in connection vith a definitely related
goverment procurmnt operation, the U. S.
Government thereby incurs no responsibility, nor any
oblifation ubatsom r; and the fact that the Govern-
ment mey have fozurlated, furnished, or in any way
supplied the aad drawinpgs specifications, or other
data Is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to iacbi-e, use or sell any
patented invention that my in any vay be related
thereto.



FTD-TT-63-112 |

C TRANSLATION

C/3 TRAFSIENTS IN T EHE BUOIN OF POWDRSI:: By

'5 B. V. NovOshiloV

FOREIGN TECHNOLOGY
DIVISION

AIR FORCE SYSTEMS COMMAND
M WRIGHT-PATTERSON AIR FORCE BASE

7~T OHIO

ASTIA

KAPR 2 21963

TISIA

E:I



INEDITDROU4 OURFT RAN4SU.TMO

Th*NSIINT 331 THE BURNING OF POWDRS

By~: B. V. Novozhilov

Englisih Pages: 1.2

Source: Russian Periodical, Zhurnal
Prikiadnoy Meichaniki i
Teichnicheskoy Fizilci, No. 5,
£962, pp. 83-88.

T-11
BOV/2o7-62-o-5 ____________

gg~miumrs M wwec~ Om
MOmImINA GOsINIM. WaMINHO as mesmus PPAnWS~eS

MVCOMORI3LOANI MOS TWIuuCu
- -- Nucustd~vPLEC Th P011 I TIMMSSLAON am=C SIO

MIN WIuNMu OF "a pmw unm"NLTaly. Pon""IISW WA tswwsmy "Ne-~ WNW a"

I"63-112/1+2+4f kbt 15 March19 63

P



TRANSIENTS IN THE BURNING OF POWDERS

B. V. Novozhilov

(Moscow)

During the steady-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 steady-state regime corresponding to the new conditions is established.

Suoh a transient from one steady-state regime to another can not be

aocomplished 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 [Ii].

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 burning velocity, pressures in the chamber, and
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temperature profiles in the solid phase.

i. Statement of the Problem

Let us examine two types of transients:

i) the transition from a steady-state regime of burning at initial

pressure pop to a steady-state regime of burning at pressure pi, during

which pressure changes instantaneously;

2) the transient in a powder chamber from steady-state burning

at pressure pO to steady-state burning at pressure pi. In this case

the tranmition is accomplished by an instantaneous change of the

nozzle section from the vaiue a0 , corresponding to pO, to the value

a,, corresponding to p,.

First of all let us start with the question of the relaxation

times of various processes during the burning of powder in a chamber.

If we examine the plane case (Fig. i), the entire region -a < x < -

can be divided into three parts (the coordinate system is associated

with the solid phase):

Region (I) - Solid phase 0 < x < -, where only heating of the

powder takes place. In this region chemical reactions 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 = 0 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 (i) is determined by the linear burning velocity u

and by the thermal diffusivity of the powder %; it equals

t - /u 2  (.i)

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 characteristic discharge time

(1.2)

where V is the free volume of the chamber, a is the powder strength,

a is the critical nozzle section, A is the discharge coefficient, P

is pressure, p is the density of the powder, and S is the burning

surface.

The time of pressure equalization throughout the chamber will be

t= I/c 0  U13)

where i is the characteristic size of the chamber, and c0 is 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

ratio of the thickness of the reaction layer d to the burning velocity.

On the other hand, the order of magnitude of d is

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

tions
S , To)

where T1 is the temperature when x - O, and To is the initial tempera-

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

\ Al'

The time of preheating of gases up to the burning temperature

equals

"5 (1.5)

where D is the coefficient of diffusion, and pi is the density of the

gas.

Finally, for the rcaction times in the gaseous phase we get an

estimate analagous to (i.4), i.e.,

where AT' is the temperature interval, in which the chemical reaction

takes place, and T2 is the combustion temperature.

From these estimates it is obvious that the times t4 and t 6 are

much smaller than times t. and t5 , respectively. Thus, times t4 and

t6 can be immediately disregarded in an examination of nonsteady-state

processes. Let us represent the values of the times in seconds.

I G =C -1I)-. 1,-.-I, I , . I. 1, 4 5.I10- when p-- I &af

5- 0- ;- 4 ~ .u 1, It -, Ifta~ P 100J ME

Here we assumed u[cm/sec] = 0.04p2 [atm]

11- )I, &to em , I.• g, 9. - 1 ol-'I - -, )= |Ie-o'

-, .; g/,'c., V IOU) c.'. 3 , S 21k) twz', 1 10 'O & ce = 10 c.MYAee

From these data it is obvious that relaxation times t3 and t5 can
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be disregarded compared with t 4 and t 2 . Therefore we can consider

that region (3) relaxes mh re apidly than regions (i) and (2).

enoef-brth we will examine only the relaxation times of regions (1)

and (2), conlitring that the change in values in region (3) with tim

are instantaneous.

Noreiver, we will consider that the pressure and temperature of

the combustion products are cons tant throughout the chamber. Tempera-

t Ti will also be considered constant, since it is known that the

change In temperature on the surface of the powder, as a function of

pressure, Is slight compared with the temperature itself.

2. Basic Equations

The burning velocity of powder in a steady-state regime depends

upon the pressure p and Initial powder temperature T0 . We will con-

slder that the burning velocity of the powder Is determind by the

formula

a Iip'jI-j eT,) 6". v". i (I + (2.1)

The temperature proflLe in the solid phase Is given by the well-

known )ichaelson solution

T7 ') T.. - 71, 7, vxp,(2-2)

In the nonsteady-state regime, the burning velocity and temperp-

tr profile will not be determined by derived expressions. The burn-

In velocity wlln be determnled by the rate of the chemical reactlons

In region (M), which depend greatly upon temperature; this temperature

depends not directly on the toMperature when x - , but on the tempera-

ture gradient when x - 0. Therefore for nonsteady-state burning we

shiould use not the relation u - u(pTo), but the relation u(pq),
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where ( - (0T/ZX),-0 .

For the steady-state case, from (2.1) and (2.2) we get
(i - aT") __ ,___, IT • "IB ItY _ l ";.% i (1 . . ",,) X//, •,./ ,).

In connection with the above, the preceding formula, can be

imnediately generalized for the nonsteady-state case, where instead of

(dT/dx) X 0 , we must substitute ("T/•X)XO- 4P. Thus,

1,. +, -,[I ,1 (2J3)

The temperature gradient in the solid phase should be determined

from the equation of heat conductivity in region (i)

,- ' • t . 1-7"' (2.4•)

The pressure in the chamber is subject to the balance equation

dp a
-d (i -V (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

I - , 0. P P.. - I p,,, (I - '/T.) (2.6)
7'(x, U) T - (T, -- T,)exp

The boundary conditions have the form

"7' (U, I) ' 7' (oM, ,) T (2.7)

Let us now introduce the dimensionless maonitudes

' u T ' i,, To" - 1; . "= " - ." t(2.8)
Up .1 * If. V. " ' *.

.I * - - 7
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The dlmnaianlew ,,ordinate -, and te T are the ratio of -he

~1eG*th A~ ttbe ~to -the .4hamateristic lIevgth, 0au n ie ~ i

'the -SoZi4 qfwq Ahe pVvmaator -y Iz,.the :i'tJio of ýthe dischwge -time

Ato tthe tl•om ntme of -the sol.id -phase at the 'InitIal presure; :

'is Abe .et: o of ýthe : vme ovalt1c y of .ga discharge at pressure :p0 a

4=r-ofte V ,to -the .m ,c? ýthe -.ga -,whioh An ýreleased per unit --time

'the .entire surface -of .the '=paler in a sztea4y-state regime at ,the m

pressure; *the parimater q chamamtenizes the degree of heating ,or the

;Powder; -the ,.alue q -,2 corresponds to a thoroughly heated powder.

'e canshow -that • - -1 -corresponds -to -the limit of stable burning of

the pmider.

7In di mnsim1J*.s variablesJ, ]%s. (2.3), (2.J4), and (2.5) take

the torm

. I~ .; \' (2.9)

" . (2.1o)

"• ~(2AIu)

-vith the ini1tial conditions

,. r 0 (2.12)

),(4), T) 1, " • ) " (2 . U )

The initial state corresponds to the steady-state solution of

"these equations when P - i.

The equations were solved using an electronic computer.

.3. Transients With an Abrupt Change in Pressure Difference

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

state burning, when p - p0 , to a steady-state regime when p - Pv"
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accomplished by an abrupt change in pressure from pO to p.. 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).

Xft the first moment of time, the temperature profile in the solid

phase corresponds to steady-state burning when p - pO, and the pressure

equals pi. Therefore the burning velocity when r - 0 (the beginning

of the transient) assumes the value

o,,,,- r,,--(' , -, ,,',..,.-'-) '" (3o.1)

When i1 > I we have m'(0) > m0; 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 w1 - rI, while the temperature distribution tends toward the

Michaelson profile e (Ul = exp (-wI), which corresponds to steady-

state burning when r = r1.

In Fig. 2, currves 1-4 give the dependences of the burning velocity

c on the time T for the values r, - 2, 20, 50, and 200, respectively,

for Tj = 1.15. Figure 3 gives the change of the temperature profile

with time for r i = 10 and ij - 1.15. Curves 1-6 correspond to the

values T = 0, 0.016, 0.051, 0.121, 0.237, and -. Obviously, the

greater ri, the greater the velocity value w (0)/1I, and the more rapid

is the transition to a new steady-state regime (with a greater burn-

ing velocity the heated layer of powder burns more rapidly).

Figure 4 illustrates the dependence the nonsteady-state burning

velocity on the degree of heating of the powder for ri - 10. Curves

1, 2, and 3, correspond to the values T - 1.25, 1.15, 1.05. The more

the powder is heated (the greater is r), the less is the transient

expressed. For a thoroughly heated powder (n - 2 and To - Ti),

-8-



nonsteady-state phenomena are not observed and the velocity always

satisfies the condition w - rV.

In a nonsteady-state region an effective pressure exponent v" aim

be introduoed in the law of burning, which is important for the question

of the stability of the burning of powder. In the steady-state case

(3.2)

In the nonsteady-state case let us write, analogously,

U,, { "". . )

r this

, (r) , (3.4)

Pigure 5 gives the dependences of the effective pressure exponent

vi on the law of burning (r) when ij - 1.15. Curves 1-4 correspond to

the values r - 2, 10, 50, and 200. At the initial moment of time

S() ,.., --- : (, - , '2) -) ,j /Iln (3.5)

With decreasing ri, the function v"(O) increases and tends

toward the value
, V,' (2)) -' , ' (3.6)

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 - 0

i.e., 0 - i. If the nozzle section is changed in a period of time

which is short compared with the characteristic times ti and t 2 , there
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begins the nonsteady-state process of a transition from steady-state

burning at p. to steady-state burning at pi which corresponds to the

new value of the nozzle section.

With an abrupt decrease of the section, the velocity at the

initial momnt of time is not discontinuous, since the pressure in

the chamber is equal to the initial pressure pO. Then the pressure

begins to increase, since with a smaller nozzle section the discharge

takes place more slowly and dp/dt > 0.

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 y and 0 (or r 1 ), the nature of the pressure

change as a function of time will differ. The greater the y (for the

same 0), 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 froro the quasisteady-state process in which the veloc-

ity is continually proportional to p .

Figure 6 shows the dependence of pressure r on time ¶ for i1-

= 100 and il = 1.15. Curves 1-5 correspond to the values y - 0.00i,

0.002, 0.005, 0.008 and 0.01. Figure 7 shows the dependence of pres-'

sure and velocity on time when r1 - 50, TI - 1.5, and y = 0.002. Fig-

ure 8 gives the change of temperature profile with time when r. - 50#

Ti= 1.15, and y - 0.002. Curves 1, 2, and 3 correspond to the values

r= 0, 0. 077 and a. From the graphs it is obvious that with low

values of 7, the pressure in the chamber can exceed the magnitude of

the absolute pressure pi. Figure 9 presents the values of the rela-

tive pressure excesses A = r* - Ti/ri as a function of y when Tj - i.15,

where r is the maximum value of the pressure in the chamber. Curves

1-5 correspond to the values r1 - 5, 10, 50, 100, and 200. Figure

bJ2D-TT-63-112/i+2+• -10-



10 gives the tim -e during which the pressure reaches its maxim.

vs. the parameter y when ij - 1.15. Curves 1-4 correspond to the values

* 1 5,, 10,, 5P.. and 100.

The transients examined are the simplest ones, while the results

obtained are accurate for times which exceed the relaxation times t,

t4-, t 5 , and t 6 . 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. Zeltdovioh for discussing

the formulation of the problem and 0. I. Leypunakiy for his help, and

also A. A. Milyutin, G. G. Vilenskaya, and Ye. A. Prozer who solved

the equations and carried out the calculations on the computer.

Submitted May 24, 1962
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