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SUvtAP.Y

This final report describes the progress made in the study of

propellant extention under Grant AF-AFOSR-0897-67 between March 1967

and February 1969.

At the inception of the grant period, a theory had been developed

to describe solid propellant flame quenching by rapid depressurization.

Comparison between theory and experiment seemed promising, and it was

necessary to determine the magnitude of certain combustion parameters.

An experimental technique was devised and used to determine the criti-

cal combustion parameters. The use of these parameters then revealed

a discrepancy between theoretical predictions and experimental results.

In fact, the discrepancy was so great as to show the theoreticdl model

to be invalid.

Accordingly, an improved theoretical model was developed and

compared to experiment. The improved theory agreed well with experi-

ment and also explained the causes behind some previously puzzling

experimental results.



I. INTRODUCTION

This report describes research which is part o! a continuing

program intended to characterize propellant combustion during rapid

depressurization. The research was initiated under Grant AF-AFOSR-897-65

and continued under Grant AF-AFOSR-897-67.

During the period of Grant AF-AFOSR-897-CS, a simple propellant

extinction theory was developed. This theory was based on a combustion

model that assumed:

1. the heat conduction is one-dimensional

2. there are no reactions beneath the propellant surface

3. the thermal properties of the propellant are constant

4. the propellant is homogenous and semi-infinite

S. the heat transfer to the solid propellant surface was the same
as the steady state heat transfer at the same pressure

6. the surface temperature was constant

With these assumptions, it was possible to numerically solve the heat

transfer equations and describe the propellant extinction in terms of

only two parameters. A dimensionless heat of decomposition and char-

acteristic depressurization time.

Experimental extinction data were gathered to augment the data

available in the literature and then these data were compared to the theory

by the use of assumed heats of vaporization. The comparison was favorable

in most cases but depended heavily on the value chosen for the heat of

decomposition.

A simple method of doubtful reliability was used to experimentally

determine the heats of decomposition for the propellants tested in this program.



Subsequent use of these values to make theoretical predictions proved discour-

aging, and it was at this point that the previous grant expired.

It was then necessary to find a better method for determining the propel-

lant heat of decomposition. This was aczomplished and is discussed in the

next section of the paper. Use of the determined heat of vaporization showed

that the theory was inadequate and hence improved extinguishment theory was

derived. This theory, based on the Dennison and Baum combustion model (1), is

described in section IV. As is shown in section V, the improved model agrees

well with experimental observations.
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II. RADIATION AUGMENTED BURNING RATE STUDIES

Since the exact value for the propellant heat of decomposition was so

critical in comparing experiment and theory, it seemed desirable that the

parameter be determined by a more reliable procedure. Accordingly, an experi-

ment was devised to yield data from which the burning propellant surface

temperature and heat of decomposition could be calculated.

The technique involved first determining the burning rate of propellant

in a chamber whose wall temperature was fii:ed at different values in different

tests. Then, the burning rate of the propellant was determined when the

propellant was the shape of a long, thick-walled cylinder and the internal

cylinderical surface burned. It was then reasoned that a simple strand of

propellant burning in a chamber with cold walls experienced a net radiative

heat loss and the burning rate would be smaller because of the heat loss.

However, as the chamber wall temperature was raised, the point would be reached

where there were no radiative heat losses and the combustion would be adiabatic.

This would be exactly analogous to combustion inside a long hollow cylinder

where the radiative losses would be negligible. The propellant surface

temperature could be calculated from the chamber wall temperature that caused

the propellant to burn at the same rate as did the internally burning cylinder.

For the PBAN-AP propellant tested, Fig. 1 shows the surface temperature to be

560 0C in excellent agreement with the experimental data of others (2,3).

It was found that the burning rate of the propellant increased linearly

as the flux from the chamber wall to propellant surface increased. A computa-

tional scheme was developed that permitted us to calculate the heat of

decomposition for the burning propellant. The scheme is outlined as follows:

-3-
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FIGURE 1 Strand-burning rates as a function of wall surface temperature.
The dotted line corresponds to the burning rate of an internal-
burning cylinder.
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1. The propellant burning rate (r) is assumed to be a function of flame

temperature (Tf) and radiant flux level (f r) as

r = )fr,Tf)

2. The derivative of this equation is found to be

di DTr dTf

df rf) r

3. A heat balance is made at the interface; the gaseous products are assumed

to have a characteristic reaction time and then the partial derivatives

are written in terms of the unknown heat of decomposition (y) and

several parameters whose values are known.dT f.d4. is evaluated from an overall heat balance.
r

S. The above results are combined, small order terms neglected and the

resultant equation is

dr- L Cs(Ts - T) + L1
2p [Cs=(T 

C gsr s s o

when ps is the propellant density, Cs is its heat capacity, C the

mean heat capacity of the gases and Ts, T0, and Tfo are respectively

the surface temperature, the conditioning temperature, and the adia-

batic flame temperature.

6. The value for the heat of decomposition, L, is found by rearranging

the equation and using known values for the parameters except dr/dfr

which is the slope of the heat flux-burning rate curve and is evalu-

ated from Fig. 1.
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For the propellant tested, the heat of decomposition was found to be

-130 cal/g in excellent agreement with previous work (2). This number means

that there is an exothermic reaction at or near the propellant surface.

The fact that the decomposition process was exothermic proved to be very

significant. Previously, the decomposition was assumed to be endothermic

and all calculations were made on that basis. When the correct exothermic

value was used in the theory and the theoretical predictions examined, they

were found to be totally unrealistic. In fact, it was found that a decrease

in pressure was predicted to cause an increase in burning rate. A relation

total]- at variance with the known facts.

-6-



. III. EXTINCTION AND OTHER COMBUSTION CHARACTERISTICS:

A readily extinguishable propellant is one whose burning rate is easily

made to approach zero by a given pressure transient. Mathematically, the
dr/r

value of is large for such a propellant. Similarly, a propellant very

susceptible to oscillatory combustion has a large value for the real part of
dr/r

the response function d-eT The similarity of the two groups suggests that a

very extinguishable propellant may also be one very prone to oscillatory com-

bustion.

This potential relationship was investigated by determining the extinc-

tion characteristics of several propellants whose oscillatory combustion was

~studied elsewhere (4,). Specifically, a mesa-type base (X-14) a conventional

!i double base (JPN) a polyurethane (JPL 534), and a polysulphide (T-35), were

Tt tested. Each of these propellants has been used in a developmental motor and

each has exhibited severe oscillatory combination.

The experimental results are shown in Table 1 and clearly indicate that

there is no simple relation between extinguishability and instability. In

i fact, the two double-base propellants are about equally unstable but differ

* in ease of extinguishability by two orders of magnitude.

TABLE 1

Propellant (dr/r Critical dt t

/ Re

JPN 2.6 - 7

X-14 2.4 - 700

JPL 534 1.2 - 20

T-35 1.4 - 80
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It was pointed out previously (9) that there is a correlation between

extinguishability and the burning rate near the deflagration limit. However,

the burning rate near the deflagration limit is a parameter rarely measured

and reported. Therefore, during this period little additional data have been

found. Such data as were found supported the correlation but it is concluded

that at this time the use of such a seldom-measured parameter has limited

utility.

-
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!V. THEORY

1. Review of Previous Models

Mathematical models of the process of rapid depressurization extinguishment

of a burning solid propellant have been proposed by at least a dozen different

authors. According to a recent paper by Merkle, et. al. (6), the universal

approach has been to assume that the extinguishment process occurs because of

a deficiency in the heat flow from the flame to the burning surface and into

the unburned solid, this heat flow being a l'unction of the pressure. This

statement applies to the present approach.

To describe the heat flow, the solid propellant is considered to be

represented as a semi-infinite slab in order that only one-dimensional heat

transfer need be considered. Figure (2) shows the geometrical model of the

process along with the general shape of the temperature profile, which extends

from the completely reacted products of combustion at the adiabatic flame

temperature, Tf, to the initial conditioning temperature of the propellant,

T For further simplificati3n, the burning surface is taken as the reference

point for the Dosition coordinate x, the propellant assumed to move to the

left at its burning rate in order to maintain the burning surface at a fixed

position.

An energy balance taken on an element of the solid of thickness dx results

in the following partial differential equation:

3T a (1)- -x- + r r-x

where a is the effective thermal diffusivity of the solid and r is the burn-

ing rate. This equation is easily integrated fo: the steady-state (BT/at = 0)

to yield the following equation for the temperature profile in the solid:



Gas Solild

rf

________________7 TO

Geometrical Model of Burning Propellant

To T1  T2  T 3  T 4  T5 T6 Tn

FIGURE 2 -Method of Separating Solid into Finite Difference Elements
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T = T0 + (Ts - T ) exp (-r x / a) (2)

where Ts is the temperature of the burning surface and T is the steady-state

burning rate. The heat flux that must be supplied to the solid to maintain

this profile, in addition to that necessary to gasify or decompose the solid,

is given by

fs =p c (Ts -T O) (3)

and the thermal energy stored in the solid above its initial conditioning

state is

qs = (k /) s - T0) (4)

where k is the thermal conductivity.

The original models of Von Elbe (7) and Paul (8) were the first to consider

the non-steady-state heat flow problem with the objective of predicting

extinguishment conditions. These models are very similar and do provide

insight into the physical processes that might lead to extinguishment even

though they are based on rather gross simplifying assumptions. The Paul model

is outlined here to provide a historical reference for comparison with the

model developed for this study.

Paul assumed that as a first approximation the surface temperature

remained constant. He further took the steady-state burning rate to be related

to the pressure by

n (5)

and assumed that the flux into the solid during either steady-state or transient

periods could be expressed as



f p csr(Ts -To) (6)

For a transient case, r would be interpreted 
as the steady-state rate cor-

responding to the instantaneous value 
of the pressure. During a transient

period, the energy stored in the 
solid must change as the burning rate 

changes.

Both Von Elbe and Paul assumed as a first approximation 
that this stored

energy adjusts instantaneously with 
changes in burning rate, its magnitude

always being given by Equation 4. 
Thus, during a transient period, the

required flux is

fs = pc sr(Ts - T o ) + dqs/dt (7)

Combining (4) and (5) and carrying 
out the differentiation yields

nk T)dln p(8
dqs/dt (T T (8)= -- (s -To)dt

and combining (6), (7), and (8) yields

[1 + Cnl) dln (9)

Equation 9 predicts that the instantaneous 
rate will drop to zero whenever

(dln - 'no (10)
dt / Ext.

Since it was observed that this 
equation only qualitatively correlated

experimental extinguishment data, 
a correction factor, X, was added 

to bring

it into quantitative agreement, 
or

(din p -Ltn (11)
dt /Ext.
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Horton (9) recognized that a serious shortcoming of the Paul 
and Von Elbe

theories was the assumption that the heat stored in the 
solid adjusted

instantaneously to changes in burning rate. In reality when a change in

pressure and corresponding heat flux to the solid occurs there is a time lag

before a new steady-state profile is established. To treat the transient

conduction process more exactly, Horton carried out a numerical 
integration

of the non-steady-state differential energy balance equation 
(Equation 1).

He further improved the theory by including the energy required 
for gasifica-

tion of the solid in the solid heat flux equation. His equation, corresponding

to Equation 6, for the flux supplied to the solid is

Fp [L+ C (T T] -r pL (12)fs s - 0o

where L is the effective heat of gasification of the solid. 
The flux required

by the solid in Horton's model, corresponding to Equation 
7, is obtained from

the numerical integration of the differential energy balance. 
As in the Paul

model, the criterion for extinguishment is that the rate 
becomes zero as a

consequence of the supplied fs being entirely absorbed by the 
solid in chang-

ing qs. the amount of heat stored.

Horton's model predicts for an exponential pressure decay and 
for a

given Tf and Ts that

d =lnp X H(F2/a) (13)

dt JExt. H

where AH is a function of n, Ls, and P aPo the latter being the ratio of the

final pressure following depressurization to the initial 
pressure. The function

X is described in terms of graphs developed from the results 
of the numerical

calculations.
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Comparing (13) with (11) shows that X corresponds to the correction

factor X employed with the Paul theory. Thus, Horton's theory provides a

method of evaluating X in ter-.,s of more fundamental parameters.

During the course of the present contract, it was discovered that Horton's

model yielded erroneous results if the heat of gasification, L, were negative.

This was considered to be a serious shortcoming since, as discussed in

Section II, there is evidence suggesting this parameter can indeed be negative

for some propellants.

More recent models have been proposed by Wooldridge (10) and by

Summerfield (11). The latter model is based upon the Granular Diffusion Flame

Theory of Summerfield, which does not provide the proper dependence of steady-

state burning rate on pressure for many propellants. Wooldridge's approach was

to modify a combustion theory originally proposed by Denison and Baum (1).

This same approach has been followed in the present study. The unique feature

of the present approach is that the Denison-,itu theory is used only to predict

deviations from the steady-state conditions; the conventional steady-state

strand-burner data is employed as fundamental input data.

2. Development of Present Model

The Denison-Baum model was originally derived as a simplified transient

combustion model for application to combustion instability problems. Rather

than employing a constant burning surface temperature, as Horton did, this

model uses an Arrhenius-type relationship betwecn burning rate and temperature.

r = A exp (-E s/RT) (14)

It is further assumed that the rate is coupled to the flame temperature,

Tf, and pressure by the following equation

-14-



r = BPN Tf N + exp (Ef/RTf) (15)

In the present analysis these equations have been replaced with

r = r exp [(-E /R) (1/T s-1/T, )] (16)

and

r = r p(Tf/Tf)n+l exp [(-E f/R)(1/Tf - l/Tf)p)] (17)

where r, TFp, and Tf p are the steady-state burning-rate, surface temperature,

and flame temperature at the instantaneous pressure p, and n is the empirical

value of dlnr p/dlnp.

The most important feature of the Denison-Baum theory is the equation for

the rate of heat conduction into the solid beneath the burning surface. This

equation may be written as

k DT x = 0+ = -rp [C (T- T ) (f - Tf)] (18)-ri s [ s ( s  00 9T

with the origin of the x coordinate fixed on the burning surface, the positive

direction extending into the solid. This equation is obtained by combining

overall energy balances for both steady and non-steady conditions, eliminating

energy terms associated with the surface gasification reaction. The virtue of

this equation is that data for surface and flame temperatures are more readily

available than data for effective heats of gasification. Calculation of the

numerical value of the instantaneous heat-flux supplied to the solid is also

straight-forward. Given instantaneous values of Ts and P. r is computed from

(16) and Tf is computed from (17). These values then given the instantaneous

value of the flux to the solid when substituted into (18).

-is-



The most difficult problem in employing either the Horton or the Denison-

Baum models in predicting extinguishment conditions is the calculation of the

rate of transient heat conduction into the solid propellant. The usual

numerical technique for solving the differential energy balance which describes

the transient heat transfer process, Equation (1), is to separate the solid

into finite difference elements such that the energy balance on each element

can be written as an algebraic equation rather than a differential equation.

The algebraic equations, one for each of the finite elements, are then solved

simultaneously to obtain both the temperature profile at any given instant

during the transient period nd the increment of change at any position for a

given increment in time.

Since sophisticated numerical techniques have become available for the

simultaneous solution of a set of ordinary differential equations, two recent

authors (12, 13) have pointed out the advantage of using these techniques

to solve transient heat conduction problems. The differential energy balance

for both finite elements is transformed into an ordinary differential equation

applying finite difference methods to the space derivatives only. Available

differential equation-solving programs are then employed to carry out simul-

taneous integration of these equations to compute the variation of the tempera-

ture profile with time. This approach has beom adopted in this study.

Figure 2 illustrates the method of separating the solid into finite

elements. The ordinary differential equation which approximates the energy

balance for each element is written as

dTi [Ti-1 T i T.+ Ti+l - T i-i

dt= (AX)Z  + 2 AX (19)

-16-



The wide variation of r during the extinguishment transient presents

special problems in the numerical solution of the transient conduction equa-

tion. This problem is illustrated b,: considering the change in the depth of

penetration of the temperature profile during the transition from one steady-

state condition to another, the first condition being that prior to depressuri-

zation and the other the condition after e depressurization has occurred, the

propellant assumed to continue burning. The steady-state temperature-profile

is described by

T - = exp (-Bc/a) (20)

Suppose that during the transient the rate is reduced by a factor of 10.

Equation (21) shows that the depth at which a given temperature is established

in the solid is then increased by a factor of 10. Suppose further that 20

equal elements of width AX are selected at the start, the final element chosen

such that its temperature rise was only 5% of the rise at the surface. The

temperature rise of this element when the new steady-state is established would

be 74% of the surface rise; 200 elements of width AX would now be required to

reach a depth where the rise was only 5%. Since a separate equation must be

solved for each element, the problem can become unwieldy if equal-sized elements

are employed and the burning rate change is large.

Marxman and Wooldridge (10) suggests that the problem of excessive finite

elements can be circumvented by employing the transformation

1 - Y = exp (-rx/a) (21)

to define a new distance variable Y. This variable ranges from 0 to 1 as X

ranges from 0 to -, and elements of equal width AY correspond to AX elements

-17-



which become successively wider as X increases) the last element having the

width . This transformation has been investigated during this study and found

to lead to erroneous results if the rate varies widely. A different trans-

formation has been found to better accomplish the desired reduction in finite

elements ain- also retain the accuracy of the numerical integration method. In

this transformation the new distance variable, y, is defined by

dy = r (1- y) (22)

The corresponding finite element spacing is

Ax = (air) Ay/(l - y) (23)

Letting y range between zero and one and taking Ay as a fixed quantity, the

finite difference spacing, Ax, increases regularly with both increasing depth

beneath the surface and decreasing burning rates. The resulting finite

difference equation in non-dimensional form that was used in place of Equation (1)

is

do. dR
1 aiR2(0i i-0+0i )-bic (6i -O6l (l/R) -- (24)

s s

with

0. = T./To

61 Ti /T0

T = 72tl

R + r/r

-18-



a. = (1 - y)(] - yi-Ay/(Ay) 2  (25)

b = Ay/( - yi)

J=0

c. = (1 - yi)(1 - yi - Ay)/(2 - 2yi + Ay)

The last term on the right-hand side of Equation (25) accounts for adjustment

of the temperatur. as the mid-point of the finite element is shifted along the

x axis due to changes in r. This term does not appear in the equation for the

surface temperature (which becomes T1) since this point is stationary.

The surface boundary condition, Equation (18), was expressed in finite-

difference form by defining a station at a position y above the surface with

a fictitious temperature To:

S  + 2x 0 (k) (26)
~X=O+

where T is the temperature at the first station beneath the surface.
2

Initial calculations were made solving Equations 16, 17, 18, 24, 25,

and 26 simultaneously along with the following equation describing an imposed

depressurization rate.

dP - PA)  (27)

A standard computer program for integrating simultaneous ordinary differential

equations based on Adams method (15) was employed The Fortran Coding for

carrying out these calculations using the BYU Librascope L-305S computer is

included in the Appendix.

-19-



V. COMPARISON BETWEEN THEORY AND EXPERIMENT

A series of parametric calculations have been made both to determine a

consistent set of parameters for correlating observed extinguishment conditions

and to determine the sensitivity of the model to variations in the individual

parameters.

A rough correlation of existing depressurization extinguishment data is

shown in Figure 3, where the time corresponding to reducing the pressure to

one-half the initial value is plotted versus the initial burning rate. The

data ponts represent limiting conditions for extinguishment to occur. If t

is greater than that indicated by the data point and the initial rate is the

same, the propellant will continue to burn rather than extinguish.

The line correlating this data can be represented by the equation

t o.5/ (28)

where t 1 is in milliseconds and r is in inches per second. The rate of

depressurization is assumed exponential with P a/P assumed negligible compared

to unity.

The non-dimensional half-time corresponding to (28) is

T= 0.5(10- 3 )/t (29)

Thus, if a is again assumed to be 2.5(10 - 4) in.2/sec., the value of T3

corresponding to extinguishment is 2.

Figure 4 shows predicted burning rates during depressurization transients

for t = 1.5 using the following set of parameters:

Es = 30 Kcal/gm. mole

Eg = 30 Kcal/gm. mole

-20-
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T = 298 0 K0

Tf = 10 T

T =3T
s 0

n =0.4

Pa/Po 0.1, 0.01

Cg/C = 1.0

The burning rate is shown to establish a new steady-state value following

depressurization to P a/Po = 0.1; however, it is shown to continue to decrease

following depressurization to P a/Po = 0.01, the ratio r/F dropping far below

the value corresponding to steady-state at the pressure following depressuriza-

tion. This latter behavior is considered to represent the extinguishment

process, the reasoning being that combustion will not be sustained below some

absolute minimum rate (or absolute minimum Ts). For example, if the initial

rate wre 0.2 inches per second, the predicted rate for the case of Pa /Po =

0.01 at T = 24 is 0.0014 inches per second. Since rates this low are not

observed experimentally during steady-state conditions, it seems improbable

that rates this low would exist during a transient condition. Thus it is

predicted that if T = 1.5 extinguishment would become marginal at some value

of P a/P lying between 0.01 and 0.1 for this particular set of propellant

parameters, and since T = 2.0 is required to correlate the experimental data,

as discussed above, this particular combination of parameters yields reasonably

good agreement between theory and experiment.

A series of computations has been made to determine the effect of varying

the gas-phase and solid-phase global activation energies. The results of these

-23-



calculations are shown in Figures 5 and 6. Increasing either Es or Eg is

shown to result in greater susceptibility to extinguishment. This effect is

most strikingly shown in Figure 5 where with E = 15 a new steady-state burningg

rate is established following depressurization while with E = 30 the rateg

continues to decrease.

Figures 7, 8, 9, and 10 present the results of a series of calculations

where P a/P and T were systematically varied. These calculations show a

rather strong dependency of the value of T required for extinguishment on

P a/P . Assuming that extinguishment corresponds to the case where r/r is

predicted to drop below 0.05, the following table summarizes the predicted

conditions for extinguishment derived from this set of calculations.

Pa/Po (3 ) Extinguish

O.O1 10-20

0.05 1-3

0.10 0.1-0.5

0.50 < 0.01

These results suggest that the T, required for extinguishment varies roughly

with the inverse square of P a/P . This information may provide some explanation

for the scatter in the correlation of experimental data shown by Figure 3.

The model for the solid propellant combustion process has also been

combined with equations describing the transient ballistics of a solid rocket

motor. Equations expressing conservation of both mass and energy inside the

motor cavity have been derived previously (14). In the present study these

equations have been used in the following form:

-24-
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dP/d c = yRef/Oc) (I- C(c/Of) (RN/R)(0)

doc/dz c  (0 (O/P)(e /- c ) (R)[1-y+(]-- -i)(R/R)] (31)
c c C c

with

P = p/p

.c = t/(L*/r 2C*)

= (C/Cv)gas

f = f/Tf

ec  T TC/;"f

RN = (0/0c) PA

A =(Avent + At)/At

Prediction of the instantaneous pressure versus time requires the

simultaneous numerical integration of these equations along with those

discussed earlier for the solid and the use of the steady-state burning

relation. Provision has been made in the program to use the Summerfield

Equation, the Vielle equation, or a table relating the burning rate to

pressure. In all three cases, extinguishment is taken to occur if the rate

becomes less than the burning rate at the deflagration limit of the propellant.

Tables II and III show results of calculations made with the combined

combustion-ballistics model.
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Table I

Predicted effect of various parameters on extinguishment of a propellant that

follows the Summerfield burning rate equation

Conditions for Marginal Extinguishment
Parameter Varied Vent-Area Rates Initial Depreqsurization Rate

A2 /AI - (p/p) 0

Reference* 2.8-2.9 145-152

To = 100 0C 3.6-3.7 204-211
E = E = 25 2.7-2.8 137-145

E = 28 2.7-2.8 137-145
E

E = 28 2.7-2.8 137-145g
Es = 35 2.7-2.8 137-145

E = 35 2.5-2.6 125-130g
Ts = 382 3.7-3.8 211-218
Tf = 21850 K, L* = 364, C* = 3910 2.6-2.7 101-107

Tf = 21850 K, C* = 3910, Kn = 274 2.5-2.6 108-115

Kn = 275, L* = 364, Po = 667 3.3-3.4 159-166

Kn = 325, L* = 432, Po = 886 3.9-4.0 171-176

Kn = 188, L* = 250, Po = 340 2.2-2.3 121-131

Kn = 375, L* = 497, Po = 1124 4.5-4.6 179-184

Kn = 325, Po = 886 3.6-3.8 203-218

Kn = 375, Po = 1124 4.0-4.1 232-239

Kn = 188, Po = 340 2.4-2.5 106-114

Kn = 275, Po = 667 3.2-3.3 174-182

L* = 1000 4.0-4.1 80-83

L* = 105 2.2-2.3 254-274

C s/Cg = 1.0 3.2-3.3 174-182

Kn = 274, C* = 3910 2.5-2.6 108-115

*The reference propellant and motor had the following properties:

To=250 C T s=6000C ambient pressure=lS psia

Kn=238 Ps=.062 lbs/in 3  propellant area=8.3 in2

L*=316 in Y=1.22 nozzle open time=.001 sec
T f=2910 0K C*=4500 ft/sec burning rate at 1000 psi=.33 in/sec

C s/C g=.7S Es=21 K cal exponent at 1000 psi=.4

Po=520 psia E =21 K cal burning rate at deflagration limit=

r =.25 in/sec .009 in/sec
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Table III

Effect of various parameters on extinguishment of a propellant that follows

the Vielle burning rate equation

Parameters different than reference Extinguishment Occurs betweenA2/AI -rP P
2 1(p/p) 0

Reference* 3.2-3.3 177-185

n = .7 1.7-1.8 59-68

n = .3 9.0-9.25 554-569

burning rate at deflagration limit = .003 3.2-3.3 177-185

K = 415, L* = 582 ro = .144 2.7-2.8 78-82n
K = 166, L* = 221 ro = .360 3.7-3.8 292-303
n
K = 1190, L* = 1580 ro = .0495 2.3-2.4 23-24n

K = 131, L* = 174 ro = .480 4.2-4.3 425-499
n

*The reference propellant and motor had the following properties:

To = 250C Ts = 6000C ambient pressure = 15 psia

K = 238 P = .062 lbs/in3  propellant area =8.3 in2
n s
L* = 316 in y = 1.22 nozzle open time = .001 sec

Tf = 2910cK C* = 4500 ft/sec rate at 520 psi = .25 in/sec

Cs/Cg = .75 Es = 21 K cal n = .5

P = 520 psia E = 21 K cal r at deflagration limit = .009o g
r = .25 in/sec

0
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One of the parameters noted to have a significant influence on marginal

extinguishment conditions was the initial L* of the motor. Additional calcula-

tions in which this parameter was varied by a factor of 4 again showed the

importance of the overall pressure drop. In these calculations the initial

burning area/throat area ratio and initial depressurization rate were held

constant by adjusting the venting area. The results of these calculations

are shown in Figure 10. Because a much larger vent area/throat area ratio is

necessary in the larger L* motor to achieve the same initial depressurization

rate as the smaller L* motor, the final pressures differ in the two cases as

do the final portion of the blow-down curves. The larger area ratio is seen

to be sufficient to cause the pressure in the larger motor to drop to near

ambient, the propellant burning rate dropping to a level consistent with

extinguishment. The pressure in the smaller L* motor levels off at a new

steady-state well above ambient with no indication that extinguishment

would occur. If the model predicts a response that is truly indicative of

the actual response in a motor, as suggested by the comparisons made above,

this set of calculations clearly shows the difficulty that might be encountered

in correlating data for extinguishment conditions described only in terms of

the initial depressurization rate or t . Critical initial rates obtained with

end-burning motors which usually have large L*'s should not be expected to be

the same as critical initial rates obtained with motors containing internal

burning cylinders, which normally have low L*Is.

Some data from References 10 and 12 are shown in Figure 11 and tend to

confirm the predictions that have been made. That is, the initial depressurization

raze required to extinguish a propellant in a given motor may be significantly

different from that in a different motor--thus making design on the basis of

dP/dt data very difficult.
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Data taken from References 10 and 12 showing that propellant in different
motors requires dfIferenct depressurization rates to be extinguished.
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Figure 12 shows that experimental data for the effect of motor size can

be correlated and also that the predictions of the improved extinguishment

model are in good agreement with the experimental data. However, Figure 12

probably does not represent the best form of correlation that can be made.

As is discussed in Reference 16, it appears that a simpler and better correla-

tion relates the final L* of the motor to the final burning rate. That is,

the steady-state burning rate that would result from the increased nozzle area

if stable combustion resulted. Figure 13 shows results of the parametric

study presented in this type of correlation.
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VI. CONCLUSIONS

1. It has been shown that the effect of radiation on the propellant burning

rate can be used to evaluate some combustion parameters and the values can

then be used to test the consistancy of a combustion model.

2. Extinguishment and oscillatory combustion were shown not to be related--

at least not in a simple manner.

3. An improved extinguishment model has been developed and shown to agree

well with experimental data.
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SRI TEqT P11.269 PRMPPtLANT PA2165 AR=3.4

iNPUT DATA

TO 2 25.000 RBAR O 0330
PA 15,000 RMIN 0001 .AR = 8o3013 NRAR = 0;'400 :
KN 2138.001 TFBARx 2910,000
ANR 3,400 ... TSBARm .6000.0.0 - .TQP N=0.001 RHOS 9 " 0, 62 -" .. '
L TARv 116,000 GAMMA= I t220,."
EPS = 1,000 CSTARs 4500f000,.

TIME PPESSURF D9LPDT RATE SRATE ?EMPF" TEMPO -

518,88 0.0165 0.2514 0.2514 .. .. 1A IA_.
.,00199 403,86 -19C.5751 0.2152 0.2252 2869#0 278641""0,0399 284,5q -160.5339 0.1742 0.1919 2823,7 26371Z-
M. 0599 211.61 -136.797A 0.1456 0,1664 2792,1 "2537'9-.0,00799 164.05 -118.6991 0.1238 0.1464 2763,3 2474,17
0,00Q99 131.24 -105.1003 0.1064 0.1303 273500 2434,4
0,01199 1Q.7,47 -95.2216 0.09J.9 0.1169 270417. - 249.t4.t.0,01399 A9,49 -8.3008 0.0794 0.1055 2671.5 2392,4
0,01599 75.36 T83.8052 C.0684 0.0954 263398 . 2377.8'0.01799 63.88 -81.7729 0,0584 (.0865 2589,9 2361.3.
0,01999 54.?6 -R1.7417 0.0491 0.07b2 2538,1 2339,4"
0,02199 46.00 -83.4874 0.0405 0.0704 2477,4 2309.6
M,02399 38.82 -R6.321A 0.0327 0.0630 2409,6 .. 2270.8:K
0,02599 32.57 -89.1532 0.0260 0.0560 2339,3 2223.7 '7
0,02799 27.20 0Q0.875A 0.0205 0.0495 227,30 - 2171,3":
M,02999 22,73 -86.5877 0.0163 0.0435 2216,5 '*2118,2-',
0,03199 19.40 -69.930A 0.0132 0.0388 2165,7 2072,9
0,03399 17.28 -45.2097 0.0110 0.0356 2114,3 2041,8
0,03599 16',16 -22.7002 0.0094 (.0338 2 019t9 : ..... .7 2024..
0,03799 15.67 -9.8257 0.0082 0.0330 2005,6 2014,8
0,03999 15.46 -4.6725 0.0072 0.0327 1956,2 2006,8
0.04199 15,35 -2.7005 0.0065 0.0325 1912,9 1997,8
0,04399 15.2R -1.8715 0.0060 0,0324 i875,2 1987,9 7
0,04599 15.23 -1.3502 0.0055 0.0323 1842,2 1977,2.
0,04799 15. .Q -1.0393 0.0051 0.0323 1813, .... 1966,1
0.04999 15.17 -0.8360 0.0048 0.0322 17870 1954,8
0,05199 15.19 -0.5604 0.0045 0.0322 1763,.7 1943.*'
P.05399 15.11 0.5915 0.0042 0.0322 1742,6 41932,4"
0,05599 15.12 -0.4264 0.0040 0.0322 1723t4 _1921,5
0,05799 15,10 "0.3360 0.0038 0.0321 17058" -1910,8

_ o,05q99 5,09 -0.2866 0,0036 0.0321. 1689,6 1900,4-
0,06199 15.Of -0.2629 0.0035 0.0321. 1 6 7 4 W6  189i,.a
0.06399 15.08 -0.2229 0.0033 0.0321 16607 1880,4
0,06599 15.07 -0.2091 0.0039 0.0321 16477 1870,8
0.06799 15.07 %0.11OR 0,0031 0.0321 1635,6 - 1861,5
0,06999 15,06 -0.142q 0.0030 0,0321 1624t3 1852"404
0,07199 15,06 -0.1205 0,0029 0.0321 1613,6 1843,7,
0,07399 151,05 -0.1011 0.0028 0.0321 f603,5 - 18352. "0,07599 15.05 -0.0840 0.0027 0.0320 1594,O 1826,9;
0,07799 15,0 '0.0725 0,0026 0.0320 1585,0 ,-ig8,9
0,07999 15,0i -0.048A 0.0026 0,0320 1576,4 1611,1 "

e - ~~... 1

'---.



ri

E S
ES = 20. 00;

EG * 20,0016A
CSCG 0.750
FEXT 0.
ALPrIA2 0.000250

TEMPS TLAST DEPTH NOZZLE EXPONENT

579,95 79,50 0,00257 003487 0,4309

568.89 75.66 0,00301 0111857 0.4457

554.31 70.92 0,00372 0,11857 0.4693

542.34 67.35 0,00445 0911857 0.4920

531.79 64,46 0,00523 0t11857 0.5134

522.20 62,05 0,006609 VI11857 0.5337

513.14 59,96 0,00705 O,1857 0,5529

5e4,35 58,12 0,00815 0,11857 0.5712

495.53 56,46 0,000,46 0,11857 0.5891

486,39 54.90 0,01108 0ti1857 0,6067

476.64 53.41 001318 0t11857 0.6244

466.07 51.93 0,01598 0,11857 0.6425

454.68 50,44 0,01979 0,11857 0.6614

442,80 48.93 0,02492 0111857 0.6809
431,05 47.45 OtP31t4 0t11857 0.7008

420.05 46.07 0,03961 0,1857 0,7204

410.24 44.88 0,04882 0t11857 0.7374

421.82 43,88 0,058/2 0,11857 0.7496

394.73 43.07 0,06885 0,11857 0.7565

388.75 42.40 0.07892 0,11857 0.7597

383.68 41.85 0,08881 0t11857 0.7611

379.29 41.39 0909848 0t11857 0,7618

375.46 40.98 0t0791 0,11857 0,7623

372.07 40,63 0,11712 0,11857 0,7626

369.04 40,31 0,12611 0411857 0.7629

366.31 40.03 0t3489 0t11857 0.7630

363.82 39.77 0,14346 0,11857 0,7632

361.55 39.53 3,15185 0,11857 0.7633

359.46 39,31 0,160w5 0,11857 0.7634

357.53 39,11 0,16808 0,11857 0.7635

355,73 38,92 0,27594 0,11857 0.7635

354.06 38,75 0*18 65 0,11857 0.7636

352.49 38.59 0,19121 0111857 0.7636

351.02 38,43 0,19862 0,11857 0,7637

349.64 38.29 0 '0590 0,11857 0.7637

348,33 38,16 0,21305 0t11857 0,7638

347.0,7 38.03 0,22008 0111857 0,7638

345.92 37.91 0,22699 0,11857 0.7638

344.80 37,80 0,23378 0,11857 0.7638

343.74 37.69 0,24047 0,12857 0.7638

342.72 37.59 0,247o5 0,11857 0,7639

I



IX. PR1ESENTATIONS AND PUBLICATIONS

"Propellant Extinction," Presented at 3rd AFOSR combined Contractor's
Meeting, Cocoa Beach, Florida, June 1967.

"Depressurization Induced Extinction of Burning Solid Propellant,"

by Horton, et.al., AIAA J. 2, 1968.

"Design Considerations for Combustion Stability," presented at
ICRPG/AIAA 3rd Solid Propulsion Conference, Atlantic City, New Jersey,
June, 1968.

"Design Considerations for Combustion Stability," by R. L. Coates
and M. D. Horton, Journal of Spacecraft and Rockets, 6, 1969.

"Extinction of Burning Solid Propellants," Presented at 5th AFOSR
Combined Contractor's Meeting, Denver, Colorado, June 1969.

"The Effect of Radiant Energy on the Burning Rate of a Composite
Solid Propellant," by M. D. Horton and L. B. Youngberg, submitted to
AIAA Journal.

"Prediction of Conditions Leading to Extinguishment," Presented at
6th ICRPG Solid Propellant Combustion Conference, Pasadena, California,
October 1969.
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