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SUMMARY

Tiis 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 propeilant flame quenching by rapid depressurization.
Comparison between thcory 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 theoretical 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.
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I. INTRODUCTION

This report describes research which is part oif 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-AFQOSR-897-¢5, a simple propellant
extinction theory was developed. This theory was based on a combustion
model that assumed:

1. the heat coanduction 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

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

TITTISINT

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

TCT

It was then necessary to find a better method for determining the propel-
lant heat of decomposition. This was accomplished and is discussed in the
next section of the paper. Use of the determined heat of vaporization showed
3 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 sectior V, the improved model agrees

well with experimental observations.




IT. 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 fized at different values in different
tests. Then, the burning rate of the propellant was determined when the
propellant was the shzpe 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 ccld 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°C 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:
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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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The propellant burning rate (r) is assumed to be a function of flame

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

r = £(£,,Ty)

The derivative of this equation is found to be

dr ar ( 3T ) de
= +
df | afr oT¢ df |

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

a;r‘is evaluated from an overall heat balance.
T

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

resultant equation is

dar L [ C(T, - T) + L
= ——=T 1 + ~_.____._.T__.
dar_ . T‘r‘T“ps Cs(T, - T ) ERi) cg('rfo - T

when Pg is the propellant density, C, is its heat capacity, Cg the

mean heat capacity of the gases and T, T and T, are respectively

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

o’

batic flame temperature, ‘

The value for the heat of decomposition, L, is found by rearranging
the equation and using known values for the parameters except d?]dfr,
which is the slope of the heat flux-burning rate curve and is evalu-

ated from Fig., 1.

-5-
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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.

T 2T

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

totaliv at variance with the known facts.
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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
value of 25%5 is large for such a propellant. Similarly, a propellant very
susceptible to oscillatory combustion has a large value for the real part of
the response function %%é%. 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 elsewiere (4,5). Specificelly, a mesa-type base (X-14) a conventional
double base (JPN) a polyurethane (JPL 534), and a polysulphide (T-35), were
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. 1In

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

in ease of extinguishability by two orders of magnitude.

TABLE 1
dr/r \ ..o d2np
1 tical
Propellant 3575-) Critica It
/ Re
JPN 2.6 -7
X-14 2.4 - 700
JPL 534 1.2 - 20
T-35 1.4 - 80




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.




iV. THEORY

1. Review of Previous Models

Mathematical models of the process of rapid depressurization extinguishment
of a burning sclid prcpellant have been proposed by 2t 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 cccurs 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 function of the pressure. This
statement applies to the present approach.

To describe the heat flow, the solid propellant is considered to be
represented as z semi-infinite slab in order that only one-dimensional heat
transfer need be considerad. Figure (2} shows the geometrical model of the
process alcng 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 initisl conditioning temperature of the propellant,

Ton For further simplification, the burning surface is taken as the reference
point for the position cocrdinate 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 _ 32 T 3T
0w YT ax (1)

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 (3T/3t = 0)

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

-9-
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T=T,+ (Tg - T)) exp (-t x / a) 2)

where T 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

f =0 csi'(Ts - T) (3)

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

state 1is

q = (k /1) (T, - T) (4)

(o]

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
T=ap

(5)

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

periods could be expressed as

-11-
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fs = p csr(’i‘s - To) (6)

For a transient case, T would be interpreted as the steady-state rate cor-
responding to the iastintaneous 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 1n purning rate, its magnitude
always being given by Equation 4. Thus, during a transient period, the

required flux is
fs =p cSr(Ts - To) + dqs/dt (7

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

dq /it = - 2 (T - T dlnp (8)
T dt

and combining (6), (7), and (8) yields
r=T [+ (o/T) S2B (9)

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

Since it was observed that this equation cnly qualitatively correlated
experimental extinguishment data, a correction factor, A, was added to bring

it into quantitative agreement, OT

dinp = - AT
dt JZExt. Ar/na an

-12-




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 1o the solid occurs there is a time lag
before a new steady-state profile is established. To treat the transient
conduction process more exactly, Hortom carried out a numerical integration
of the non-steady-state differential energy balance equation (Equation 1).

He further improved the theory by including the enexrgy 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

£ = To [L+ c (T, - T )] -t oL (12)

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 a5 the amount of heat stored.

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

given Tf and Ts that

d 1n P —_
it )Ext. = - (%) (13)

where AH is a function of n, LS, and Pa/PO, the latter being the ratio of the
final pressure following depressurization to the initial pressure. The function
Mi is described in terms of graphs developed from the results of the numerical

calculations.
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Comparing (13) with (11) shows that M corresponds to the correction
factor A employed with the Paul theory. Thus, Horton's theoxy provides a
method of evaluating X in ter.rs 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-3nize 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.
T = A exp (-ES/RTQ) a4

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

Tf, and pressure by the following equation

-14-




N .. N+l
r = BP T, exp (Ef/RTf) (15)
In the present analysis these equations have been replaced with
T =T, exp [(-E_/R) (l/Ts-l/Ts,p)] (16)
and
-— = n+l —

T = rp(Tf/Tf) exp [(-Ef/R)(I/Tf - 1/Tf,p)] an

where ?b, T;’p’ and T',p are the steady-state burning-rate, surface temperature,

and flame temperature at the instantaneous pressure p, and n is the empirical
value of dln?%/dlnp.

The most important feature of the Denison-Baum theory is the equation for
the rate of hecat conduction into the solid beneath the burning surface. This

equation may be written as

oT)., _ - T
k Slx=0+- -t [C (T - T,) + Cg(Tf - Tl (18)

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 T and P, r is computed from
(16) and Te is computed from (17). These values then given the instantaneous

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

-15-




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
durirng the transient period end 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 been 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 Ty - Ty Ty - Ti-l] w9

¢ = ol 2 1+ r[—55x

-16-
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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 by 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 2 depressurization has occurred, the
propellant assumed to continue burning. Tae steady-state temperature-profile

is described by

Tr—:f;—-= exp (-rx/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 an. ilso retain the accuracy of the numerical integration method. In

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

Q.lﬂo
®I|<

== -y (22)
The corresponding finite element spacing is

ax = (a/T) 8y/(1 - 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 purning rates. The resulting finite

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

is

s, dR

—— = 2 - - - —

T, a;R2(0; _;-8;+0;,9)-b;c; (65,4765 1) (1/R) ar, (24)
with

Gi = Ti/To
T = r2t/a
R+ /T

-18-




a; = (1-y)Q - y,-8y/(8y)? (25)

. 1 .
bi = T AY/(I yi)
j:

c, = (- yi)(l =Yy - 8y)/(2 - 2y, + by)

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

T =T, + 2tk (i (26)
X=0+

where T2 is the temperature at the first station beneath the surface.

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 -
3 = - (P - P,)(0.693/ "a) (27)

dt
s
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-3055 computer is

included in the Appendix.

-19-
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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 ps 'nts 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, = 0.5/12 (28)

where tli is in milliseconds and T is in inches per second. The rate of
depressurization is assumed exponential with Pa/Po assumed negligible compared
to unity.

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

'r;i = 0.5(10 3)/a (29)

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

30 Kcal/gm. mole

Eg

-20-
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- o
To = 298°K
Tf =10 To
T =3T

[ o
n=20.4

Pa/Po = 0.1, 0.01

C/c=1.0
o

The burning rate is shown to establish a new steady-state value following
depressurization to Pa/Po = 0.1; however, it is shown to continue to decrease
following depressurization to Pa/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 were 0.2 inches per second, the predicted rate for the case of Pa/po =
0.01 at © = 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 Ty = 1.5 extinguishment would become marginal at some value
of Pa/Po lying between 0.01 and 0.1 for this particular set of propellant
parameters, and since r% = 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 S where with Eg = 15 a new steady-state burning
rate is established following depressurization while with E_ = 30 the rate
continues to decrease.

Figures 7, 8, 9, and 10 present the vesults of a series of calculations
where Pa/Po and r% were systematically varied. These calculations show a
rather strong dependency of the value of T required for extinguishment on
Pa/Po. Assuming that extinguishment corresponds to the case where r/T is
predicted to drop below 0.05, the following table summarizes the predicted

conditions for extinguishment derived from this set of calculations.

Pa/Po (r%) Extinguish
0.01 10-20

0.05 1-3

0.10 0.1-0.5
0.50 < 0.01

These results suggest that the Ty required for extinguishment varies roughly
with the inverse square of Pa/Po. 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/dr_ = YRO/8.) (1- (3 /8¢) (Ry/R) (30)

de /dt_ = (ec/P)(aC/E'c)(R)[l-w(g—z-g -1) (R/R)] (31)

with

P =0p/p

T, = t/(L*/1r2C*)

Yy = (Cp/CV)gas

0g = Tf/Tk

o, = T/T¢

Ry = (676 )%PA

A= (Aene * AJ/A

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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E Table 1I

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 Depregsurization Rate
ARy -(p/P) o
Reference* 2.8-2.9 145-152
To = 100°C 3.6-3.7 204-211
ES = Eg = 25 2.7-2.8 137-145
ES = 28 2.7-2.8 137-145
Eg = 28 2.7-2.8 137-145
E, =35 2.7-2.8 137-145
Eg = 35 2.5-2.6 125-130
Ts = 382 3.7-3.8 211-218
Te = 2185°K, L* = 364, C* = 3910 2.6-2.7 101-107
Te = 2185°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
CS/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=25°C Ts=600°C ambient pressure=15 psia
Kn=238 P =.062 1bs/in3 propellant area=8.3 in2
*=316 in Y=1,22 nozzle open time=.001 sec

Tf=2910°K C*=4500 ft/sec burning rate at 1000 psi=.33 in/sec
Cs/Cg=.75 Es=21 K cal exponent at 1000 psi=.4
P,=520 psia Eg=21 K cal burning rate at deflagration limit=

ro=.25 in/sec .009 in/sec
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Ta

ble III

Effect of various parameters on extinguishment of a propellant that follows

the Vielle burning rate equation

Parameters different than reference

Reference*
n=.,7
n=.3

burning rate at deflagration limit
415, L* = 582 1ro = .144

166, L* = 221 ro = .360
1150, L* = 1580 ro = .0495
131, L* = 174 ro = .480

<
=’?< .’:’7< =’?< =

= .003

Extinguishment Occurs between

AL /A -{p/P),
3.2-3.3 177-185
1,7-1.8 59-68

9.0-9.25 554-569
3.2-3.3 177-185
2.7-2.8 78-82

3.7-3.8 292-303
2.3-2.4 23-24

4.2-4.3 425-499

*The reference propellant anc¢ motor had the following properties:

To = 25°C Ts = 600°C

K = 238 P, = .062 1bs/in3
L* = 316 in vy = 1.22

Tf = 2910°K C* = 4500 ft/sec
Cs/cg = .75 ES = 21 K cal

Po = 520 psia Eg = 21 K cal

r, = .25 in/sec

-33-

ambient pressure = 15 psia
propellant area = 8.3 in?
nozzle open time = .001 sec
rate at 520 psi = .25 in/sec
n=.5

r at deflagration limit = .009




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*'s.

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
rate 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 differenct depressurization rates to be extinguished.

Figure 11




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

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.

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

at least not in a simple manner.

An improved extinguishment model has been developed and shown to agree

well with experimental data.
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5,743 FQAYFS FORTRAN DECK *mAlIN ' 10726/~

c MATAR Yuk(ST YERMINATION
c Bl JELATES  HFVISED UCYOSFR 1960

1 COoMMON TRRNT(AY, 4, d2,J3,NPTS, 1,

1 . YO,PA, AN, XXN,ANR, TNPEN,ELSTAR,ERS,

1 . DRAR,QMIN,XNRAR,TFRAR, TSRAR,RHNS,5AM, S TAR,

b * FS,EG,rSNG,FEXT,ALPHA,

i - FPAPGAM,PCRIY,GAMFL,5AMF2,GAMF3, TCHAM, TSOL ,48,D1,TCT,

1 » Y, P R NLPNT, RATE, PRESS, TF ,TCaTS, TLAST,DEPTH, Alva XNP,

b L TARLP(R) ), TARLR(A),RP

2 CAMMONL ), TIMECLIVAY ,PRES(1VV) , TEMP(178),8RATF (14¥)

3 DIMEMNSIAN NAMF(2Q)

4 REan(iM @

5 12 Jso

6 READ (5,13,Nang

7 13 FOR=AY (20A4)

3 WRITE(H, LA )NaAME

9 1A FNARMAT (1W1,2444)

ig N212

1SS REAN(5,43) TPRET(1),TPNT(2),J1,.02,J3,NPTS

12 AT FOARMAY (2F10,5,4172)

13 TPRMT(SY¥=TPRNT(1)

14 TPRVMT(S5ISTPRAT (1)

15 TPRNT(4YS2,*TPRNT ()

io TPRANT (6132, TPOxNT(2)

1?7 1FC12) 45,45,44

18 44 RFAN(S,403)TARLP

19 REAN(S,4Q)TARLR

20 45 REAN (5,47) TN,PA,AR,XKN,ANR, TOPEN,ELSTAR,EPS

21 RFAN(S,A0) RuaR,RMIH,XNRAR,TFRAR,TSRAR,RNOS,GAM,CSTAK

22 READ (5,4C) FS,E6,CSCG,FEXT,nLPKHA

23 40 FOR“AY (8F190,5)

24 YSOL=ALPHA/(RRARSRBAR)

26 I TPRMT(IY=TPRNT(1)/7S0OL

2?7 4% WRIYE (6,42) YO ,KRRAR,ES,PARMIN,EG,AR,XNBAR,CSCGL,XKN,TFRAR,FFXT,
27 L ANR, TSRAR,ALPNHA, TOPEN,FHNS,ELSTAR,GAM LEFS,CSTAR

23 42 FOR“AT(1mC,12Y, INPUT DATAY/Y

28 . 2%, 641N =,F10,3,13%,AHRBAR =,F1¥,3,1€x,6rES =,F12,3/
’8 . 23X, 44P A 2,F10,3,30X, 6HRIUIN =2,FL0,3,20%,6HEG =,Fi0, 8/
28 . 27X, 84AR Z,FLM,3,10%,6HNBAR =,F19,.3,14X,6HCECH =,F10,35/
28 . 20X, 6K"! 2,FI0, S8, 10X, ANTFRARS,F11, 3,1V Y, oRFCAT =,F1v, 3/
28 . 20%,AHAMR  2,F30, 3, LN, 6RTSPARS,F10,3,13%,6HALPHAZ,FL10 6/
28 ™ 20%,64TNPFN=,F10 3,10 ,6WRPH0S =,F12,3/
28 ® 20X, AL STARZ,F1¢,3,108%,6HGAMMAS,F10,3/
28 . 27X, 49EPS  =,F10,3,1AY,6HWCSTARS,F12,3)
29 WRITE (4,83)
32 an FARUAT ¢31MJo3Y,*TIME? 4%, *PRESSURE ', 3X, *'DLPRT,7X, *RATE,SX,
30 #ICRATF Y S5Y, ' TEMPF ¢ ,5%, * TEMPCY ,5Y, *TEMPS ,AX, 'TLAST1,4X,'NEPTH,
' ®4xX, 'NNZILEY,4Y, 'EXPONENT )

31 CALI FVES (N,TPRNT)

32 1F(J3) 36,36,34

33 34 1F(RATEY3IG,365,34
34 35 A\R=D,5eANR
35 N=12
Se GO TO 4¢ ,
37 36 IF (J1) 6C5,69,5)
38 SM  WRITE (A,16)INAME

39 CALI xvoepny (J.50.1ﬂ0o5.116F.PREScTEMF.SRATF)
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i 41 RET RN
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¢« XeXe Nl

T TR ETN R ST TT LT RN T TR T T A AT R TR T TR R ENLE A Y

rOATES FORTRAN NECK *SETUP '

SUHDAJTINE SETUP (T,Y,S1G,N)
DIMERRTAY T(2),Y(2d),516G(20)
oMM TPENT(A),J1,J2,J3,NPTS, ],
T0H,PA, LH,X<N, ANK, TOPEN,ELSTAF,EPS,
DRAR.nugh.YH“AP.TFR&H,YSRAR,Runs,cAn,CSTAﬁ,
FSOE“pqSCGoFFXTQALpNA.
FAPGAM,PCHIT,GAMFL,GAMF2,GAMF3,TCHAM, TSOL,RB, DL, TCT,
V,P,R,NLONT,RATE ,PRESS, TF,TCo TS, TLAST,DEPTH, AN, XNP,
TARLP(R),TARLR(8),RP
COMMON J, TIME(100),PRES(1A0), TEMP (141),RRATF (100)
AEFERENGF PRESSURE IS 10400PSI
OEFERENCE RATE ]S RATE AT 1270eSI
REFEREMCE CONDITIOMING TEMP IS 25C
CALCILATE CONSTANTS
CAPAAMSOATA(2,/(GAM+1 ) ) 8o ((GAMe1,)/(GAM=1,))
PRRYIT=(2,/(GAMel ) )00 (GAM/(GAM=1,))
GAMF12SART(2,8GAM/ (CAPGAM®(GAM=1,)))
GAMF2=2,/GAM
GAMF3I=(RAMS1 Y /GAM
AAS1,56(1,0°X"3AR)
RRzAA/(1.C~AN)
DR=RANSHXKN®CSTARSRRAR/(1002,432,17)
TrHAM=E] STARZ(CAPGRAMeCSTAR®12,4N])
C13FGe12@M,/(2.%1.9R)

¢ s & ¢ & ¢

I=1
M=3
T1v=E,
FALCULATF APPROXIMATE FLAME TEMP
T0=TN+273,
TFRAD=FFXT#CSCGeTH

17 TFSTFHARSCSCGe(TN=298,)+TFRAD
1F(12) &1,58,52
AALCULATF INITIAL PRFSSURE, SuMMERFIELN Law
S@ YNP=XNRAR
RYS(TF/TFRAR)ee(1,oXNP) et XP(=C18(1,/TF=1,/TFRAR))
P2(l(1,"eRH)arTeN=1,)/RE)*81 .5
CCznnePasl 667
XNP=1.@°E.667'CP/(1.OCC)
RPshe(l1,+R3)/(1,+CC)
R=RTaPRP
1TERATE ON TF
61 TFRAL=TFRAD/R
MsMeg
IF(4=10Y 26,254,277
26 GN TO 1
27 G0 Y0 A"
FALCULATE INITIAL PRFSSURE, VIFLLE Law
51 XNPaXYMBAR
RTZ(TF/TFRARY 20 (1, *XNP) ot XP(=C10(1,/TF=1,/TFHAR))
PzNTeNDeea(1,/(? ,~XNP))
REPoeXND
67 TO A1
CALCULATE InITIAL PRESSURE, P,% TAALE
82 p=1227,
RZRLUAR/ND
87 CALl PRATF(P,2P,XNP,TABLP,TABLR,NPTS, 1)
RYZ(TF/TFRAQ)#8(1,+XNPIeEXP (01001, /TF=1,/TFRAKY)
RPzRT#RD
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3 45
z 46
47

48
4 49
9 52

51
[; 52
‘ 53
54
: 55
3 5o
57
58
39
69
61
42
63
64
AS
66

PN

218,%s39

rOATS FORTRAN NERK *SETUP

3m

38

A2

2"

IF(ARS(NeRF)= , Q20A%) 39,355,304

faRP

Pri 07, erPOUD/RRAR

50 YO B2

PP /s1 25,

R=R/RRAD

OIS {

¢ 0 # CALCHLATE SOLID TEMPERATURES
SBARzYSBARCD73,
I92¢$°A°3(1.-1.OB'TQBA-NALUG(R)/(ESOIQOG.H
Y(LIZTYS/TD
T131,134938Y(¢)=,13393
Y(2Y32,8Y(1)=Ty

Ny 22 1=3,7
YEIY22,8Y(l"1)=Y(l=?)
Y(8)Y=(Y(7)el ¥/,

Y{9y=P

Y(1D) 2N

YC1l1)=sTE/TFRAR

Y{12)=3v¢11)

TCIsTF

TC=YF

RETHRA

END

MESSAGES FORP AgNVF rNMBI| ATINAG,
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{i8,7s1¢ rO27FS FORTRAN NECK *PRATE ¢ 187247/ n~
i SUHROUTINE PRQATE(O,RP, XNP, TAHLP,TABLR,NPTS, 1)
2 DIMFNSIAN TA4LPIBY, TALLR(V)
3 1 1€ eTARIP(1)eP) 2,4,4
4 2 lal-g
5 1f (1-1y 3,3,1
) 3 1s1
7 60 In 7
5 4 IF ¢TARILP(1+1)=P) 8,5,5
9 S 1s]e
10 IF (1=NPTS)1D,6,6
1l & J=24PTS=t
12 6N Y0 7
13 1D IF (TABIP(l~1)=P) 7,5,5
14 7 XVP=ALOACTARLR(I1+1)/TABLR(I))ZaLOG(TABLP(I+1)/TASLP(]))
15 R RP=TARLQL{I ) (P/TANLP(]))ee NP
16 RETURN
17 €D
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72
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rOAYFS FORTIAN NECK *nIFEL ¢

30
an
41

b §

2"

6"
4R
49
5n
51

59
e

75

¢ & & ¢ & 0@

S JURLTINEG NIEEN (F,Y,)YNX,%, TOW)Y
DIMELSIAN Y(2),Y(20),DYNX(24)
ChMunN 79“37(‘)0J11J2AJ30~PT50lo
TO,PA, AR, X«N,aANK, TOPEN,ELSTAR,EPS,
ERAR,Qulk, (NOAR, TFRAR, TSRAR,RHAS,GAM,CSTAR,
FS,EG,rSCG,FFXT,ALPHA,
FAPGAM,PrRIT,GAMFY,uAMF2,GAMF3, TCHAM, TSOL,RR,NE,TCT,
X,P0,R,NLPNT,RATE,PRESS, TF, TCo TS, TLAST, _ePTH, AN, XNP,
TARLP(Q),TAHLR(B),RP
COMMON 1, TIMECL23) ,PRES(1A0) , TEMP (120) ,RRATF (1¥9)
X3Te1)eTSOL
P2Y V)
Rav(1l)
QATE=RBAReY (1)
PREQS=1NA 0y (9)
TF=YFSaReyY(11)
TC2TFRAQeY{1D)
CALCULATE NOZZLE ARgA
IF (X*TAPFN) ‘ﬂ933043
AVSAB/XMNS (1 e (ANR=1,0)9X/TOPEN)
G" YO 41
NSAFIXK e ANR
ASAM/ (NN AR/ YY)
CHECY FOR FXTINGITSHMENT
IF (RATF=QMIVY 11,12,2%0
RATE =D,
Nz2
CALL PRINT(T,Vv,NYNX,N,TPKR)
RFTHRN
COANYMyYF
rALCYLATE SURFACE FLUX
FSz2a(Y(1)el, oCSCH0(TFHARCTD=29R,«TF)/TNYeFFYXT
CALC'ILATE SURFACE TEMP CHAMNGE
T12v(2)el ,207R68FS /R
DYDY (1)356,0ReRe(T1=-2,02Y(1)eY(?))
AL CULATE FATE CHaANGE
C2313C0 ,#FS/(1,98T0)
DRzNeC2eDYNXL1)Y/7(Y(1)8Y 1))
CALCHLATF PRESSURE CHANGF
RAC=SARTY(TF/Tr]YePea
PRAT=PA/PRESS
IF(PRATPCRITY 5%5,55,44
OIATF=PRATRoGAMF2«PRATSeGAMF S
IF (PRATF) 49,49,52
R3s",
GY T B4
ROZONNBFOQaRAVF1eSURT(PRATE)
[F tRS=aNC) 51,51,55
RAsRS
6N TO 7~
R\ 2NN
DPTSAL/TNHAM GAMSTC/TICI#R&{TF/TC=RN/R)
~ALCULATE CHAMBER TEMP CHANGE
NTC= (TSN /TCHAMIOTT/PTC/TU [ #Re(LAMSTF/TC=1,+(1,=GAM)SRN/F)
15¢12) 75,76,77
FALCULATE RP,XNP  SUMMERFIELD Law
ChaapsPesl AR
XAP=21,C0=0,667eCC/7(1.+CC)

14/724/~9




15,7318 £OAYES FORTRAN NECK *TIFEO ' 10724/n

as KPzDe(1,+RE)/(1,+LC)
. 46 G2 TO K2
3 c FALCULATE RP,XNP  VIELLE LAW
1 47 7%  YAPsX'IRAR
4 RFzPeexVp
43 GC YO A’>»
[ c FALCULATE FP,XMP  R,P TABLE
! &2 77 P=1735,eP
51 CALL PRATE(P,RP,X4P,Takl P, TABLR,NPTS, 1)
52 RPsSP/ROAR
53 PzP/s1Q21, '
54 GA TO 80
c CALCULATF FLAMF TEMP CHANGF
55 87 ETA=1,+YNPel10N),eFG/(3,064TF)
96 DTF=TF/FTAR(NR/R=~YANPADP/F)
c CALCULATE SOLID TEMP ChaNGE
57 NYDY(27242,0QeR8(Y(1)=2.8Y(Z)+Y(3))=0,4A15e(Y(3)aY(1))aNR/w
55 DYDV(I)2IP , #aRe(V(P)=2,8Y(3)aY(4))=1,84420(Y(4)YeY(2))eDN/r
59 NYDYX(4)220,90aRe(Y(3)e2.8Y(4)eY(5))=1,132350(Y(5)ev(3))eDR/K
6o DYDY(5)212,43eRe(Y(4)122.8Y(5)eY(6))=1.32208(Y(6)=Y(4))eNR/N
61 DYDU(A)= A, *RaR®(Y(5)=2,8Y{6)1+Y(7))=1.31140(Y(7)=Y(H))aNK/x
62 NYDY(7)= 2,2ReR#(V(R)e2.8Y(7)eY(B))=1.25108(Y(R)=Y(A))aDNR/x
A3 DYDY (R)=,M"91aRake(Y(7)e2,4Y(8)e1,) =0,.23578(1,2=Y(7))*#NR/R
44 DYDY(9)=DP
65 DYDY L12y3NR
LY DYDY (11)=NTF/TFRAR
67 NYDY(125zNTC/TFRAR
Ad RETHRY
69 END

MESSAGES FOR ABNVE £OMPILATINN,
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F1%,7819 rQaTFS FORTRAN DECK °*PRINY * 107247+

1 SURPOITINE PRINT (T,Y,IYDX,N,TPR)
é NIMENSTINY T(2),Y123),NYNK(LA),TPR(Q)
3 ramane TeRLT(A),J1,02,J3,0PTS,1,
3 . TO,PA,Ab, XN, ANK, TOFEN,EL STAK,EPS,
3 . ORAW,PUIN, XNHAR, TFRAR , TSRAR,FHNS,GAM,CSTANR,
3 ) FS,E6G,~SCG,FEXT,,ALPNA,
3 . FPAPGAM,PCHIT,GAMEL,GAMF2,0AMFS, TCHAM,TSOL ,8R,DC,TCI,
$ J Y,0,R,"LPNT,RATE,PRESS,TF,TC, TS, TLAST,DEPTH, AN, XNP,
R} . TARLP(R), TARLN(Y) , RV
4 CrMMB: 2, TIME(L17Q),PRES(10VY,TEMPCLIFRD) ,SRATE(127)
5 TSsTNeYI1Ve273,
6 TLAST=TAaY(RYe27S8,
7 DEPTH=ALPHA/Z/RIARR?,593/R
3 DLPNT=DVYNY(9)/(PeTSOL)
9 SNATE=RPERAAR
i¢ 14 ARTYE (A,19) X, ,PRESS,DLPEY.RATE,SRATE,TF,TC,TS»TLAST,TEPTH, A%, xvP
11 15 FrReay (Flﬁ.ﬁ.FlU.2.3F10.4a?F10.1.2F1W.2.?F10.5.FIH.4)
12 TCSTrp=2TPRNT(2)eTSN
1 IF (X.GF,TSTOP) iz
14 JzJdel
15 TIME(JY=X
16 PRES(J) 2P
17 TFMP(J)=2Y(12)
18 BRATEC(UIYSR
19 RFTHURY
20 END
) MFSSAGES FOR ABAVE e~OMPILATION,
C VERSION 4 MOP ¢
|
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SRI TESY Pl=269 PRAPE|LANT PA3169 AR=3.4

TIME
A,
#,00199
0,70399
3.00599
h,88799
A,008996
P.01169
#,71399
?,21599
3,91799
2,01999
#.02199
#.02396
@,82599
2,02799
n,02999
3,03199
A,0339¢
3,03599
0,A3799
n,03999
3.04199
3.04399
?,84599
9,04799
#,084999
2,05199
»,85399
3,05599
2,05799
#.05999
#,86199
2,06399
#.,86595
#.86799
#.76999
0,07199
3.87399
",07599
®,87799
3,27999

INPUT DAY

PPESSURF
518,88
483,86
284,50
211,61
164,25
131,24
107,47

R9,49
75.36
63,88
54,26
46,00
38,87
32.57
27,20
22,73
19,40
17,28
16,16
15,67
15,46
15,35
15,28
15,23
15.10
15.17
15,15
15,173
15,12
15,192
15,029
15,09
15105
15,07
15,07
15,04
15,06
15,95
15,05
15,0%
15,05

A

TN
PA
AR
KM
ANR =
TNOPFNa
LSTAR: %
EPS =

e

2

ILPDT
6.0165
»19L,5751
~160.,5335
~136,7974
=118,6995
-165,1003
95,2216
~R8,5008
-83,8952
~81,7728%
"8107417
«83,4874
«A6,3218
~89.1532
60,8754
"69093@6
’4502097
’?20700?
«9,.,8257
-4,6725
«2.7095
-1,87165
=1,3502
‘10@393
~J.,8360
~0.,5604
~3.,5915
»0.4264
*0,3360
=0.2866
’202620
~0,222%
23,2099
«3,181n
=C,1428
'0012@5
-0.1011
~0,0840
~0.0725
*5.0488

25,000
15,000
8,300
38,002
3.400
2.001
16,000
1,202

RATE
0.2514
0.2152
P.1742
0.1456
6.1238
n.,1264
08,0919
0.0794
(.0684
2.0584
P.0491
0.0405
2.0327
0.08260
0.0205
0.,0163
2.0132
0.0110

2.00n94

f.0882
P.0@72
n.80065
20,0060
2.08055

2.0051

?.0048
b.0045
@.,08042
0.004p
7.0038
%,00836
2.9235
2.0033
¥.0032
?,0034
2.0030
3.0029
2.0028
.0027
%,00826
n.0024

_ RBAR =
RMIN =
NBAR =
TFBARs

. ISBARs

RHOS =«
GAMMA=
CSTAR=

SRATE
p.2544
p.2252
42.1919
0,1664
V.1464
08,1343
¥.1169
0.1055
6.0954
6,865
0.0782
2.,0744
0.0630
9.0560
8.0495
3.0435
3.0388
0.8356
¥.0338
09,0330
86,0327
8.0325
08,0324
0,0323
0.0323
¢,0322
R,6322
B.06322

" 9.8322

9.0321

.B.0321
6.08321 .

0.0321
0.0321
6,0321
?,A321
8.0321

6.0321

0.0320
0.6320
0,0320

. 8,400
2910,000
600,000
2,062

1 22ﬂ

4500, oea s

TEMPF

'.zpighﬁ " -

2869,8
2823,7
2792,4
2763,3
2735,9
2704,.7.
2671,5
2633,8
2589,9

. 2538,1

2477,.,4 -
2409,6

'2339 3

2273,3 -
221645
2165,7
2114,3

..205912;.,

2085,6
1956,2
1912,9
1875,2
1842,2
1813,1
1787.8
1763, 7
1742,6
1723,4
1’@5.8
1689,8
1674,6
1660,7
1647,7
1635,6
1624,3
1613,6
1603,5
1594,02
1585,0

1576,4

-

'
iy

TEMPC

263742
2537« 9

291&:@-5
4 2786417

2474.1._

2434,4~

[2409,4 "

2392,4
.2377,8"
2361,3°
. 2339,4°
12309,6
227¢,8

i

2223877
21741.3 .

- 2118,277.

‘2072,9

2024,5
r2es4L,8
2006, 8

2041,8 ¢

"1097.8 "
- 1987,9

1977.2.
T 1566,1-
. 4954,8
.. 1043,5
.1932,4 7
1924,5
“1912.8°
1903 4.
189204
1882,4
1873,8
1861,5

1843,7
1835,2.
1826, 9~
. .1818,97

L s

28104

L

N
bR}

18524

g




TEMPS

579,95
548,89
554,31
542 .34
531.79
522,20
513.14
54,33
495,53
486,39
476,64
466,07
454,68
442,89
431,05
420.05
410,24
4¢1.82
364,73
388,75
383.68
379.29
375,46
372.87
3€9.04
366,31
363.82
361.55
359.46
357,53
355,73
354,06
352.49
351.02
349,64
348,33
347.09
345,92
344,80
343,74
342.72

20,390
28,000
A.750

2.
2.,0800250

TLAST
79.50@
75.66
70.92
67.35
64,46
62,905
59,96
58,12
56,46
54,90
53.41
51.93
50.44
48,93
47.45
46,07
44,48
43,88
43,07
42,408
41.85
41,39
48,98
40,63
46,31
40.93
39.77
39.53
39,31
39,11
38,92
38,75
38.59
38,43
38.29
38,16
38.03
37,91
37,.8@
37,69
37.59

DEPTR
B,002%7
p.00301
0.,00372
2,008445
9,08523
2,00609
20,0075
@,608315
?.0046
8,23i108
0,01318
2,01598
2,81979
B.,02492
f,23194
3,03961
6,04882
8,85672
B,06885
3.07892
p,08881
2,09848
0,i0791
@,11712
0,12611
2,13489
B,14346
3,15185
8,16005
0,16808
8.,17594
8.18365
0,19121
2,19862
2 "d598
3.,21305
D.22098
9,22699
@.,2337¢8
B.,2475

NUZZLE

2,83487
¢,11857
2,11857
2,11857
?,11857
¢,11857
¢,11857
®,11857
®,11857
2,11857
2,11857
2,11857
8,11857
2,11857
3,11857
¢,11857
0,11857
2,11857
,11857
2,11857
©,11857
2,11857
2,11857
2,11857
2,11857
®,11857
2,11857
®,11857
",11857
®,11857
?,11857
®,11857
2,11857
2,11857
¢,11857
®,i1857
2,11857
8,11857
@,11857
A,11857
9,11857

[

EXPONENT
8.4309
0.,4457
0.4693
P.4920
2.51234
0.5337
9.,5529
8.5712
2.5891
0.6067
B.6244
.6425
P.6614
2.6609
2.7008
0.7204
0.7374
B.7496
0.7565
2.7597
P.7611
2.,7618
D.7623
2.,7626
0.7629
.7630
0.7632
B.7633
B.7634
D.7635
0.7635
B.7636
Be7636
0.7637
0.7637
P.7638
0.7638
0.7638
0.7638
2.7638
0.,7639

- .

mart = o —ermar e wm a e —




IX. PRESENTATIONS 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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