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ABSTRACT

This paper discusses a modification of the solid propellant combus-
tion model previously developed at Stanford Research Institute. The
model was modified to contain two heat release zones in the gas phase,
one adjacent to the wall governed by the wall temperature and a second
primary flame governed by the final flame temperature. Comparisons are
Bhown between predictions of the model and data obtained at both Stan-
ford Research Institute and United Technology Center. It is demonstrated
that the calculated behavior of six ammonium perchlorate propellants
utilizing different binder systems agreed with the measured trends when
only the burning rate, flame temperature, and total heat release were
varied in the model from one propellant to another. Similar results

were obtained when aluminum was added to one of the propellants.
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NOMENCLATURE

kinetics parameter

burning surface area

nozzle throat area

specific heat capacity of gas at constant pressure
specific heat capacity of solid

activation energy for pyrolysis at interface

activation energy for pressure-insensitive surface-coupled
reactions in Eq. 2.

activation energy in the outer reaction zone
activation energy in the inner reaction zone

activation energy for pressure-sensitive surface-coupled
reactions in Eq. 1

preexponential factor in Eq. 2

preexponential factor in Eq. 1

thermal conductivity of gas phase

thermal conductivity of solid

heat of vaporization per unit mass of propellant

exponent in Eq. 1

exponent in Eq. 22

rate of external mass addition

nondimensional rate of external mass addition by pulser = fn/psriAb

order of gas-phase reaction in the inner zone

order of gas-phase reaction in the outer zone

Xi




Wi

Wo

y*

chamber pressure

nondimensional heat of reaction in the outer flame zone
nondimensional heat of reaction in the inner flame zone
pressure-insensitive surface-coupled heat release in Eq. 2

heat of combustion in the outer reaction zone

pressure-sensitive surface-coupled heat release in Eq. 1

heat of combustion in the inner reaction zone

total heat of combustion

gas constant

burning rate

temperature

time

chamber volume

nondimensional rate of species production in the inner flame zone
nondimensional rate of species production in the outer flame =zone
rate of species production in the inner flame zone

rate of species production in the outer flame zone

distance away from propellant surface

flame standoff distance (microns)

transformed distance

Greek Letters

kinetics parameter

Wa/Wa
specific heat ratio, cp/c
v

Dirac delta function

xii



C nondimensional location of the outer flame zone

" thermal diffusivity of solid = k/pscs
ps density of propellant

v propellant burning rate index
Subscripts

¢ chamber conditions

cr critical value
f gas—-phase flane

g gas phase

i initial value at t = O

£ limiting value

0 conditions at x - «

w conditions at wall (gas-solid interface)
*

denotes nondimensional quantity normalized to steady-state value;

* = X =
e.g., r r/ri, Tf Tf/Tfi'

Also, t¥* = rz t/n and x¥ = rix/u.

Note one exception: T¥ = TO/TW
i

xiii




I INTRODUCTION

The understanding of composite solid propellant combustion has
gradually advanced over the year with major contributions coming from

several other groupsl ©

in addition to the work at Stanford Research
Institute (SRI).” The theoretical models that have been advanced through
the years have differed only in the treatment of the heat release in the
gas phase and in the vicinity of the solid surface. The heat release
process has usually been assumed to be quasi-steady in nature; i.e.,

time lags associated with the chemical reaction processes are assumed

to be small in comparison with the thermal response time of the solid
phase. The heat release acts as a boundary condition on the solid

phase that in turn, has been treated in a one—~dimensional way in spite

of the heterogeneous nature of the propellant.

Thus, the main question is how to treat the heat release process in
a quasi-steady way and still retain the important aspects of the transient
combustion process. In general, the combustion process of a solid pro-
pellant is extremely complex. Chemical reactions may occur both in the
solid phase near the regressing surface and throughout the gas-phase bound-
ary layer up to the point where the final flame temperature Tf is reached.
The approach at SRI, both in earlier work? and in the current model to be
discussed in detail below, has been to consider the heat release as occur-—
ring in two thin zones, one associated with the surface temperature and
one with the final flame temperature. This representation avoids the
necessity of specifying the heat release distribution across the entire
gas-phase thermal layer and replaces it by the simpler choice of the ratio

of heat release in the two zones.

i1

Early theoretical studies”:’ showed that the presence of surface-

coupled heat release would tend to make propellants more unstable and more



difficult to extinguish by rapid depressurization. Experimental studies
confirmed these initial qualitative predictions. It was shown that axial-
mode traveling wave instability could be induced with AP (ammonium perchlo-
rate) propellants, but not KP (potassium perchlorate) propellants.® It
was also demonstrated that AP propellants were more difficult to extinguish

than KP propellants.®:8,11

The qualitative predictional success of the initial anal ytical concept
of surface-coupled heat release led to an attempt to develop a quantitative
transient combustion model that would predict the actual behavior of any
given propellant formulation with a minimum of input information. Such a
model was developed, based upon the stability limit line in the burning

rate/pressure coordinate system which was derived in Ref. 12.

The initial analysis was patterned after the original burning rate
behavior in terms of two parameters, the parameter A that described the
pyrolysis behavior of the propellant surface and the parameter « that
described the kinetics of the gas-phase heat release process. The SRI
formulation extended the definition of « to include the kinetics of the
surface-coupled heat release process as well. It was assumed that « has
a constant value along the stability limit line, which will be discussed
in more detail later. Knowing the transient response of any propellant
at the pressure where its burning rate curve crosses the stability limit

line allows the calculation of the response at any other pressure.

Reasonable agreement was obtained between the model and available
experimental stability data.®’'% 12 However, Culick? later pointed out
that the linearized versions of all theories could be shown to be inher-
ently of the same mathematical form; i.e., only comparison with nonlinear
experiments in which the pressure and burning rate changes were not

perturbations could be expected to delineate important aspects of the

theoretical model.

One nonlinear experiment of practical importance is that of combustion
extinction by rapid depressurization. The development of a combustion
model that could describe this phenomenon would be of great value in the

correlation of data from different motor sizes and, therefore, in the




prediction of the critical depressurization rate for one motor using data
from another or for one propellant using data from another. Up to the
present time, depressurization data have generally been correlated by
plotting the critical initial depressurization rate required for extinction
(dp/dt)Cr versus the initial pressure pi. Such a correlation is very useful
for a given configuration in an engineering sense because of its simplicity,
but it cannot be expected to be successful when either the propellant type
or the motor size is changed because it actually represents an attempted
linearization of a nonlinear problem. Evidence to support this conclusion
is shown by the data of United Technology Center (UTC),® © in which it is
shown that the exhaust pressure, the motor size, and the propellant type

all have a strong influence on the (dp/dt)Cr Vs pi results.

Similar depressurization data have been obtained at SRI, as well as
pressurization data from an experiment that was devised to emphasize the
role of the burning rate variation in the measured pressure variation.®s 1!
Reference 9 compared these SRI experimental results to predictions of the
initial SRI model that was based upon a modification of the Denison-Baum
model® to account for heat release that is tied to the surface conditions.
It was found that an unexpected nonlinear damping behavior was present in
the SRI model, leading to an unsatisfactory nonlinear predictive ability
including the observation that the required (dp/dt)Cr calculated at a
given value of pi was always considerably less than the experimental

value. '?

Because of this behavior the current program has been devoted
to a reformulation of the SRI combustion model in a more self-consistent
way and to a more comprehensive comparison of the predictions of the

revised model with extinction data obtained at both SRI and UTC.
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II MATHEMATICAL FORMULATION OF THE COMBUSTION MODEL

To emphasize the importance of the surface-coupled portion of the
heat release and, at the same time, to make the mathematical analysis
tractable, it was assumed in the original SRI model” that the heat release
zone of a solid propellant can be divided into two regions: one thin zone
adjacent to the propellant surface in which the rate of chemical reaction
is governed by the wall temperature Tw’ and a second thin zone further
out in the gas phase in which the rate of chemical reaction is governed

by the final flame temperature T It was assumed that the surface heat

e
release acts as a boundary condition on the solid phase.

The new model developed here is based on the same assumptions. The
difference from the original model comes in the mathematical representa-
tion of the surface-coupled heat release. The original formulation

supposed the surface-coupled heat release to be composed of two parts, a

pressure-sensitive part
m
- T
Q, = HH (%‘) e EH/R w (L

and a pressure-insensitive part

-E_/RT
QD = HDe D w (2)

Qualitative comparison with traveling-wave instability data indicated
that QH was, in general, an order of magnitude larger than QD.11 This
is an indication that gas-phase reactions near the surface that are

coupled to the wall temperature TW are more important than solid-phase

reactions just below the surface.

In the original model it was also necessary to assume a function for
the transient behavior of the gas—-phase heat release during transition

from one steady state to another in order to satisfy the steady-state



conditions at both ends of the calculation. In the new model this is not
necessary because the steady-state conditions are met by variations in the

reaction rates, but not the heat release, in the two flame zones.

The original formulation went on to use the flame speed equation,
which related the instantaneous flow of reactant into the gaseous reaction
zone to the instantaneous gas-phase reaction rate, originally proposed

13

by Denison and Baum. Two recent review papers by Culick?'’%, have empha-

sized the fact that the original gas-phase flame speed treatment by

Denison and Baum,13

which was utilized in the SRI model, is a valid anal-
ysis for the flame speed of a deflagration wave proceeding through a
gas—-filled container such as a tube, but does not account for heat trans-
fer to a solid wall near the flame. In the solid propellant formulation,
of course, the calculated flame speed in the gas phase is equated to the

burning rate of the surface so that the surface and the flame travel

along with a fixed distance between them (in the steady state).

Culick's analyses apply to steady-state conditions, but because the
gas-phase portion of the transient propellant combustion problem can be
considered quasi-steady, his results can be applied to that problem when
the boundary conditions are modified appropriately to account for the

transient behavior of the solid.

In view of the observation that most of the surface-coupled heat
release appears to be pressure-sensitive (QH>>QD), the starting point
for the new model is the assumption that the total heat release takes
place in two infinitesimally thick gas-phase zones. One zone is located
at the surface and governed by the wall temperature Tw and one is located

further out in the gas phase and governed by the final flame temperature T .

The flame speed equation relates the instantaneous mass leaving the
wall to the instantaneous mass being consumed in the two flame zones,
based upon the assumption that the thermal relazation time in the gas phase
is very small compared to the thermal relazation time of the solid. In

this case
p T =f[w16 (x~0) + wyb (X—xf)] dx = Wy + W, (3

6




where W, is the rate of species production at the surface (x=0), W, is
the rate of production in the outer flame zone (x:xf), and § represents
the Dirac delta function. Equation (3) states that all of the material
leaving the surface has been converted into combustion products at the

end of the outer flame zone.
The thermal equation for the gas phase is

Q W; in inner zone
5

dT d dT

al 4 a1 0 4
psrcp ax " aE \%¢ o between zones (4)

ngz in outer zone

Integration of this equation across the gas phase from the outer edge of

the inner flame zone to the outer edge of the outer flame zone gives
T
ore (T.-t) + [k XY - quw, (5)
s p f w g ox Wt g

where the x coordinate is measured outward from the surface. Across
the inner flame zone, taking account of the changes in specific heat and

thermal conductivity,

- - oT oTy  _
psr (cp cs) Tw (%g 8X>w+ + (ks Bx)w- = QSW1 (6)

Combining Eqs. (5) and (6) gives
k oT =Q Wi4Q Wo-p r (c ¢ ) T -p rc_ (T _-T ) 7
s ox W s g% g p s w s p £f "w

where the superscript has now been dropped from w and it is understood
that this is the boundary condition on the solid-phase temperature profile.
It is convenient to add and substract cSTo, rearrange terms, and use Eq. (3)

to get

oT W W (8)
Z= ) - - T ~-T,.)~- - - —_ — 2
(s ax) psr cp( R o) (cp cs)T0+cS(Tw T0)+QS Wi, +Qg WoiW,

Using the steady-state relation for the derivative of Eg. (8),

AT
<ks 8X>w = psrcs (TW—TO) (9)




it can be seen that in the steady state it must also be true that

Wy W,

10
s Woaw, T Woaw, (10)

° (Tf—TO) + (cp-cs) To = Q

The steady-state variation of Tf is predicted from thermochemical calcu-
lations. Thus, either QS and Qg or Wy, or W, must be made to vary through
a transient calculation in such a way that the proper steady-state condi-
tions are approached after transition through the transient. In the
present model, QS and Qg are considered constant, and W; and W, are forced

to vary in the proper way to satisfy the known steady-state variation of T_.

The next step is to choose specific relationships for W, and W,.
Following the work of Denison and Baum, !® in view of the fact that all
reactions are now associated with the gas phase, let

n; n;+2

= K - T 11
W,y i P T exp ( Eh/R » (11)

and
n, Ny+2

Wy, = K, D T, exp (—Ef/RTf) (12)
In Egs. (11) and (12), n, and n, are considered to be constants while E
and Ef are assumed to be functions of pressure alone since the temperature
occurs explicitly in the argument of the exponential. Since Eh and Ef
are assumed to be functions of pressure alone, their instantaneous behavior
can be calculated from the steady-state equations corresponding to the

instantaneous pressure; this technique of solution automatically assures

that the thermochemical prediction will be satisfied in the steady state.

Culick? discusses the fact it is an approximation to consider a delta
function flame zone with a finite reaction rate such as that given by
Eq. (11) or Eq. (12). Delta function representation is an approximation
that will be valid if the standoff distance xf is much larger than the
thickness of the heat release zone, which is true under most circumstances

of interest.

An expression for the outer flame zone location can be conveniently




obtained by use of the transformation of Culick?® for the gas—-phase thermal

equation:

{ = exp (psrcpx/kg) (13)

If it is assumed that kg is constant, the thermal equation between the

two flame zones becomes

d?T
—— =0 14)
dg*® ¢
i.e., the temperature profile is linear between the two heat release

zones in the [-coordinate system. Using the heat transfer rate at the
outer edge of the inner heat release zone and the known flame temperature

as the two boundary conditions, one can solve Eq. (14) to obtain

C; = e
£ Qg—cp(Tf—Tw) (1+8)

(15)

where B = W,/W,. Equation (15) reduces to Culick's result® when there is
no heat release associated with the inner boundary; i.e., when QS and Wy
(and therefore B) are taken as zero. The physical location of the outer

heat release zone xf is then given by

(16)

The remaining point to be considered is the calculation of reference
values for the activation energies Eh and Ef. According to the present
analysis, reference values are calculated by choosing a value for the
magnitude of the linear response at the point on the burning rate curve
where an intersection with the "stability 1imit line" occurs. This is
illustrated in Fig. 1 where the burning rate curves of the one SRI pro-
pellant (PU-269) and the five UTC propellants studied under this program
are shown with the stability limit line from Ref. 10. (See also Refs. 9
and 12 for more details.) The limit line shown in Fig. 1 can be approxi-
mated for computational purposes by the equation

r, = 0.00239 p£0'726 (17

where oy is given in in./sec and r, in psia.

9
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Equation (17) is a least-squares fit of all the traveling wave instability

data obtained at SRI.®

Two parameters govern the linear response, A and «. The parameter A

is a pyrolysis kinetics parameter given by

A=—"[1-—}. (18)

The parameter «, first introduced by Denison and Baum, % is a kinetics
parameter related to the chemistry of the two reaction zones. It is
obtained from a perturbation of the boundary condition at the wall, Eq. (8),

where the perturbation is written in the form7’ '3

TO

= [1 + A (1-oz)] T +vafl1- — ]9 (19)
v T
W

k JT
S w

Pss™ ox

For a chosen constant level of linear response, the relationship between
the two governing linear parameters A and « can be approximated by an

expression of the form
o = a; In A + ap (20)

An expansion of Eq. (8) cast into the form of Eq. (19) using Eq. (18)
for A, results in two expressions for o« which can be solved simultaneously
to obtain expressions for Ef and Eh ,
at the stability limit. Once valueszof Ef and Eh are established,

the variable activation energies,

values of Ef and Eh through any transient érocess gan be established by
steady-state equations since they are functions of pressure only. The
value of & can also be calculated at any other pressure; the equation

used for this in the numerical analysis is

RTw
T RT c T 1= Wiy
w p f w
o= qsw1+q Wy= — qsw1N1+ — = q W,Ny|]} ————— ©39)
T -T E c T & w,N,
w O w s W

11




where

QS Qg
q = - q = —
s ¢ & c T
s w s W
W W
Wy = ~ i Wo = ______—2.___ = 1"W1
W1+w2 W1+W2
E E
h £
Ny = ng4+2+ — Ng = ng+2+ —
RT RT
\ f

A complete derivation of the technique for obtaining Eh and Ef and the

expression shown in Eq. (21) is given in Appendix A.

L £

The calculation of the transient behavior of any propellant requires

starting calculations at both the limiting pressure and the initial pres-

sure to establish initial values of the governing propellant parameters.

The following steps are involved:

1.

Choose reference values of TW at a burning rate of 0.1 in./sec
and of Tf at 100 psia. Any reference points could be chosen as

long as they are used in a consistent manner.

Choose values for the propellant parameters u, pS, Cs’ cp, kg,

and v.

Choose values for the kinetic parameters Ew’ n;, ng, and my.
The parameter m, relates the measured propellant burning rate at
a given pressure to the calculated thermochemical flame tempera-

ture at the same pressure through the simple equation
(22)

for the steady state.

Assign values to the heat releases QS and Qg that are considered

to be constant.

Assign values to the constants a, and a,, corresponding to the

chosen respounse; i.e., the chosen value of o at the threshold

12




Pressure. For the current calculations, a; = 0.226 and a, = 0.170

have been used, corresponding to a linear response level of

| L

< |R?
e
N

v

a reasonable value for most composite AP propellants.”’

6. At

c (T
o e,

A list

the threshold pressure point:

a. Calculate the threshold pressure p, by satisfying both the
known burning rate/pressure dependence and Eq. (17).

b. Using the procedure outlined in Appendix A, calculate
the activation energies E and E_ .
h£ f£

the chosen initial pressure:

a. Calculate Wy and W, from the two simultaneous equations
i i

-To)+(cp—cS)To—Qs] Wliz [Qg—cp(Tfi—To) - (cp—cS)T?]Wzi (23)

=

Wl +W2

!

r, TOW, W,
£ £

(24)

b. Use the calculated values of W; and W, with Egs. (1l1) and

(12) to calculate Eh and Ef i i
i i

ing of the numerical program and a sample printout for a typical

calculation are given in Appendix B.

A short comment should be made concerning the use of the transfor-

mation

where x¥ =
away from i

tion change

y¥ =1 - e (25)

rix/u. (The distance x is measured positive into the propellant
ts surface for the solid phase calculation.) This transforma-

s the infinite spatial domain in the solid 0 € x¥ < @ into a

13




finite domain O £ y¥ < 1 in the y¥*¥ coordinate system. It was first used
by the author in Ref. 11. Recently Merkle et al. * have pointed out that
great care must be exercised in applying this transformation because the
temperature derivative at the cold boundary (y¥ = 1) is nonanalytic. This
factor can easily be seen if we consider the temperature profile corre-

sponding to the transformation of Eq. (25):

~T¥ *
2 = (1-y%) (26)

Another advantage of the transformation is shown by Eq. (26); i.e., ini-
tially the temperature profile is linear in the transformed coordinate.
The temperature derivative is now given by
S~ yo™ (27)

For r¥ < 1 and y¥ = 1, the derivative then becomes infinite and one
must take care in the numerical analysis to be sure that this singularity
must not be allowed to affect the computation of the temperature profile.
This computation is accomplished as described in detail in Appendix B of
Ref. 11 by making use of the fact that T*¥ = T¥ at y*¥ = 1; i.e., only the
derivatives at the other mesh points are needed to obtain the total solu-
tion and no difficulty has ever been encountered in obtaining the correct
steady~state temperature ﬁrofile after a decrease in burning rate. An
example of such a calculation is shown in detail in Appendix C. In addi-
tion to the advantages cited previously, use of the transformation given
by Eq. (25) allows an important saving of numerical computation time by

reducing substantially the number of mesh points required inside the solid.

14




II1 PARAMETRIC STUDY OF THE MODEL

Before proceeding to a comparison of predicted and observed extinc-
tion behavior it is instructive to carry out a parametric study of the
model in both the linear and nonlinear regimes to determine which of the
chosen input parameters have the largest effects on the observed output.

In this case the effects of varying the parameters Qs/Qt’ Q Ny, N, Ew’

£
Tw’ and 1 have been studied under conditions of a step pressure change of
1% and 20% (the 20% change was actually applied as a steep ramp over a

time period of 0.2 msec) at 1000 psia chamber pressure using typical values
for the SRI PU-269 AP propellant. The computed thermochemical flame
temperature of this propellant is shown in Fig. 2 with the flame tempera-

tures of the five UTC propellants that will be considered in the next

section.

In addition to the parameters listed above, a few other inputs are

needed to start the program. Values used for these inputs are:

s p
T, = 300°K
Y = 1.2
k = 0.0004
g
= 0.06
pS

It can be shown that variations in ps, which may at first appear to be an
important parameter, do not affect the response. Figure 3 shows the effect
of varying Qs/Qt’ the ratio of heat release associated with the surface
reaction zone to the total heat release. At the chosen chamber pressure,
which is higher than the pressure at which the burning rate curve crosses
the stability limit line (see Fig. 1), the response increases as QS/Qt

increases. Thus, more surface heat release is destabilizing; the effect
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is proportionately (but not absolutely) smaller for the larger pressure

increase. Note that the asymptotic steady state is also shown.

An extremely interesting result is obtained when the effect of variable
QS/Qt at a pressure below the stability limit crossing is considered. In
Fig. 4, where results are plotted for a chamber pressure of 400 psia, it
can be seen that an increase in QS/Qt reduces the response; in addition,

the overall response level appears to be larger than that shown in Fig. 3a.

This behavior can be understood if we plot the burning rate response
in its proper nondimensional form, shown in Fig. 5 for QS/Qt = 0.05 and O.1.
Note that the curves cross at the pressure (645 psia) where the burning
rate curve crosses the stability limit line in Fig. 1; this is built into
the numerical analysis through the specification of the parameter « at that
point. The salient fact is the increase in slope as QS/Qt increases; the
absolute value of the slope is governed by the chosen value of Qt' This
increase in slope may explain why propellants with surface-coupled heat
release tend toward instability: not only does their response reach a
certain level at the stability limit, but it also tends to increase more
rapidly as the pressure is increased beyond that 1limit point. This result
may help to explain the small scatter that is observed experimentally

about the stability limit line.®» 10,12

Figure 6 shows the effect of varying the total heat release on the
observed burning rate response. It can be seen that increasing the heat
release as the ratio QS/Qt remains constant decreases the reéponse some-
what. Numerical computations have shown that the allowable range of choice
for Qt is rather limited once values have been assigned to the other param-
eters. In the present case when Qt is reduced below about 1100 cal/gm,
the ratio Wl/w2 becomes negative, implying that the main flame requires
more species for consumption than are leaving the wall, a physically
meaningless case. On the other hand, when Qt is increased above about
1400 cal/gm, the slope of the curves shown in Fig. 5 becomes negative, which
violates a basic assumption of the theory; namely, that the observed burning
rate response should increase with increasing pressure. These results are

in agreement with Eq. (10), which shows that for the values of Cp and Tf
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being used the total heat release should be in the neighborhood of

1200 cal/gm, lending further consistency to the calculations.

Figures 7 and 8 show the effects of varying the reaction rate pressure
exponents n; and n,. It can be seen that a variation in n, affects the
burning rate response slightly whereas a variation in n, has practically
no effect. This apparently occurs because changes in n, or ny, are offset
by changes in the calculated behavior of Eh and Ef with pressure, leading
to nearly the same burning rate respouse.

The effect of varying the pyrolysis activation energy at the surface
is shown by Fig. 9. Increasing the activation energy in general acts to
.decrease the burning rate response time and therefore to damp the observed
oscillation. Decreasing the chosen surface temperature, on the other hand,
also acts to decrease the response time but does not destroy the oscillation

so readily, as shown by Fig. 10.

Figure 11 shows the effect of varying the thermal diffusivity u. As
one would expect, the characteristic response time of the burning rate is
proportional to u; i.e., the first peak for » = 0.0005 in?/sec occurs at
a time that is approximately a multiple of five times the value of the

time at which the curve for u = 0.0001 in?/sec exhibits its peak.

With the calculations just discussed as a background, it is now

appropriate to turn to a discussion of experimental data.
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IV COMPARISONS WITB EXPERIMENTAL DATA

Pressurization Data

Some pressure response data were previously obtained at SRI by rapidly
pressurizing a chamber having a very small value of V/Ab (~0.05-0.1) with

external mass addition.?

The objective was to have a small enough free
volume compared to the burning surface area so that the burning rate response
would measurably affect the pressure response, and, in fact, an experimen-

tally oscillating pressure response was obtained.!?!

The previous version
of the SRI model appeared to respond as though the burning rate followed

the pressure too closely, and no oscillation was obtained.!?

Figure 12 shows the previous data and the pressure response of the
current model. In this case the calculated pressure is closer to the
observed pressure early in the experiment, but clearly no undershoot is
obtained. More experiments of this type with other propellants are obvi-
ously needed to determine whether the experimental procedure or the mathe-
matical model is responsible for the poor agreement that is observed. The
main thrust of this program was to compare the model predictions with the
extensive depressurization data collected at UTC,5’® as well as those of

SRI.® 11 These comparisons follow.

Depressurization Data

Far more data are available in the case of depressurization because
of its practical importance in extinguishment. To compare the theoretical
model and these results with the least amount of numerical computing, it
was decided to proceed by holding as many of the variables as possible con-
stant. The results of the preceding section show that the two most influen-
tial variables are u, which determines the time constant of the propellant
response, and Qt’ which must lie between certain bounds in order both to
assure the proper variation of o with pressure and to maintain a positive

value for the ratio wl/wz.
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Previous results obtained during depressurization tests on PU-269 can
be used to establish values of the constants (excluding those already listed

on Page 15); the values are

uw = 0.0001 inZ/sec
T' = 800°%K

w

ny =1

N, =2

Ew = 50,000 cal/mole

= 0.
Q_/Q, 1

Use of the above values together with Qt = 1200 cal/gm for PU-269 gives
good agreement between calculated and observed depressurization rates

required for extinction.

Figure 13 shows the calculated behavior of the burning rate and pres-
sure of this propellant at two initial depressurization rates in a small
chamber containing an end-burning grain. Extinction data for this pro-
pellant in the SRI test apparatus have previously been reported; the criti-
cal initial depressurization rate required to reach extinction is somewhat
in excess of 100,000 psi/sec.11 Figure 13 is interesting because of the
oscillatory behavior exhibited by the burning rate at a depressurization
rate of 100,000 psi/sec. Imposition of a higher rate merely leads to
extinction sooner and, furthermore, the burning rate oscillations are much

less intense.

The procedure followed during the remaining calculations, then, was to
vary only the total heat release Qt in order to satisfy the restrictions
mentioned before. Such an approach assumes that the only propellant charac-
teristics in addition to Qt that affect the transient response are the
measured burning rate behavior and the calculated thermochemical flame
temperature behavior, since these are the only additional inputs (except

for the motor geometry) to the numerical program.
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A great deal of extinction data has been obtained for NASA at UTC,
a complete description of their studies is given in Refs. 5 and 6. The
UTC study was cconcerned with the effects of systematic variations in
propellant binder, oxidizer loading level, burning rate catalyst, metal
loading, and exhaust pressure level. From the myriad results presented
in Ref. 6, five propellants and three motor geometries were chosen for
comparison with and three motor geometries were chosen for comparison
with the SRI theory. A description of these propellants is given in
Table I (the SRI propellant is included for completeness); they will

hereafter be cited by their numerical designation.

Table I

PROPELLANT FORMULATIONS CONSIDERED DURING THIS PROGRAM

Oxidizer

Designation Binder (%) (%) Metal Loading (%)
UTX-10645 16.2 CTPIB 83.6 AP _——
UTX~-10661 16.7 PU 83.1 AP _—— —
UTX-10691 16.2 CTPB 83.1 AP _——
UTX-11325 16.2 CTPB 67.6 AP 16% Al
UTX-11327 20.2 CTPB 79.6 AP —_——— —

PU -269 20 PU 80 AP —_——— —

The CTPIB (carboxy-terminated polyisobutylene), PU (polyurethane),
and CTPB (carboxy-terminated polybutadiene) propellants were selected for
comparison with the model because of their diverse thermal and oxidative
degradation characteristics. In addition, one propellant containing
aluminum was chosen for comparison. According to Jensen,® the CTPIB and
PU formulations are less subject to exothermic oxidative degradation of
the binder than are the CTPB formulations, but are more subject to endo-
thermic thermal decomposition. The AP used in each propellant consisted
of a 65:35 coarse-to~fine ratio with the mean particle diameter of the
coarse AP being 190 y, and that of the fine approximately 6 u. 1In the case
of the aluminized propellant (UTX-11325), the aluminum replaced part of
the coarse AP, Each of the UTC propellants contained 0.2% carbon.
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Three motor geometries were used in the UTC work: a slab motor, a
window motor, and a swing-nozzle motor. The slab motor was a small motor
containing 1l-1b slabs and having V/Ab= 9.8. The window motor also con-
tained slabs, but had a volume to burning surface area ratio V/Ab= 4.4.
Finally, the swing-nozzle motor utilized internal-burning cylindrical grains
and contained a much higher propellant loading with V/Ab = 0.30 for the
5~in. long grain configuration and 0.24 for the 15-in. long configuration.

A more detailed description of these motors is given in Ref. 6.

Figure 14 compares calculated and observed results for the standard
CTPIB propellant (UTX-10645) burned in the slab motor and the window motor.
For this propellant, a value of Qt=1100 cal/gm was used. Note that, in
general, the model suggests that a larger depressurization rate should be
required in the window motor because of its smaller value of V/Ab; however,

such a rate is not discernable experimentally.

The calculated transient behavior of the burning rate and pressure in
the slab motor at a pressure of 200 psia is shown in Fig. 15; note that
in this case no oscillation is visible in the burning rate. As will pres-

ently be shown, it occurs only under certain depressurization conditions.

Similar results are shown for the UTC polyurethane formulation
(UTX~10661) in the slab and window motors in Figs. 16 and 17. For this
propellant a value of Qt=1200 cal/gm was used, equal to the value used for
PU-269. Note once again that better agreement is obtained with the slab
motor data and that no oscillation is observed in the calculated burning

rate.

Extinguishment characteristics of the UTX-10645 CTPIB propellant
considered previously and of the UTX-10691 CTPB propellant (for which
1200 cal/gm was used for Qt in the calculations) arebshown in Fig. 18 for
the swingnozzle motor in which V/Ab is an order of magnitude lower. Note
that the required depressurization rates are correspondingly an order of
magnitude higher than those shown in Fig. 14. In this case the calculated
values fall somewhat below the experimental values, perhaps because the
numerical calculation is strictly one-dimensional, whereas the apparatus

uses cylindrical internal=burning grains.
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Also of interest is the calculated pressure and burning rate behavior
of the UTX-10645 propellant shown in Fig. 19. In this case an oscillation
of the burning rate is evident, whereas it was previously absent at the

lower depressurization rate (Fig. 15).

Extinguishment characteristics of the other CTPB propellant (UTX-11327)
in the window motor, using Qt=1100 cal/gm, are shown in Fig. 20. In this
case the calculated results fall somewhat below the data, perhaps showing
the sensitivity to the choice of Qt' (See the discussion in connection

with Fig. 6).

Finally, results are shown in Fig. 21 for the one aluminized propellant
(UTX—11325) burned in the window motor. In this case Qt was chosen as
1400 cal/gm for the numerical calculation and the program was modified to
account for the mass of gaseous products that is lost to the formation of
aluminum oxide. Considering the simplifications involved in the theory,

the agreement is remarkably good.
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V CONCLUDING REMARKS

During this program an attempt was made to simplify the original SRI
combustion model in a way that would still retain the essential features
of past observations, the most salient of which is that ammonium per-—
chlorate composite propellants exhibit a "'stability limit" in the burning
rate/pressure coordinate system, The calculations presented here have
shown that the use of this 1limit line concept alone, together with the
burning rate and flame temperature behavior of any given propellant,
can predict the extinction behavior of a wide variety of propellants
remarkably well without regard for changes in the other parameters of
the model, once these parameters have been set by the behavior of one

propellant.

Of course, much more could be learned through more extensive compu-
tations. One can only say that the limit line concept appears to be as
useful as any other that is available today, and the resulting numerical
model is a good deal simpler than many others in existence. The ulti-
mate utility of the model cannot be demonstrated until comparisons with

large-scale tests are made.
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Appendix A
PERTURBATION ANALYSIS OF THE MODEL

The perturbation analysis described here is similar mathematically
to that carried out for the previous SRI model.”*® The task is to
perturb the solid phase boundary condition and relate the result to the
perturbation parameter «, according to the procedure of Denison and

Baum. 13

The solid phase boundary condition is Eq. (8).

oT\ _ - T ) e - _ W _ Wy
(%S ax>w— psr [ cp(Tf To) (cp cs)To+cS(Tw T0)+QS Wi, + Qg W1+W2] (A1)

Expand each of the variables in Eq. (Al) by letting r = r (1+1) Tw = iw

(1+T§), etc. to obtain the perturbation boundary condition:

k ~ c T
T ~ T o~ e ~ o~ ~ o~
s (é_) =r[1- =2 p £ T +Tw+qsw1 (Wi-r) + qng (Wy-r) (A2)

p rc_ \dx T c T f
s w

S w s W

Insertion of the perturbation pyrolysis equation

Ew
r = — Tw (A3)
R
w
gives
k ~ E
oT w T ~
_S (—): S (1 - =2 - q wy-q w2)+ 1 Tw
p re_ \dx RT T S g
s s w w w
c T
P f ~ (g ~
- T + g \V1W1+q ‘VZWZ (A4)
- f s g
c T
s w



Perturbations of Egs. (3), (11), and (12) give

? = W1 Wi + Wa Wz (A5)
Eh
RT
w
~ o~ ~ f ~
W, = ngp + N,T - —— E (A7)
i = £
RTf

Combining Eqs. (A3) and (A5-7) gives an expression for ?} for use in

Eq. (A4):
E E
f
tWa\mp m
T
w R £ P

1l Ew
T& = — - w;N, Tw - twy \ngy -
wyoNy RTw

F3)
) T 1as)
P

It has been explicitly assumed in Eq. (A8) that the activation energies Eh

and Ef are functions of pressure only. Expressions for the quantities

E T

X=n, -+ -2 (A9)
RTw P

and

E ¥

Y =n, - L £ (A10)
T
R P P

can be obtained from the simultaneous solution of the steady-state equa-

tions that are the equivalents of Eqs. (A4) and (A5):

c ff Rf
2= mpy = qwe | X + Ny — v ) o+ qwy  (Y4Npmv)
c T E &
s w
- (qswl-{-qng)l} (All)



RT

Vo= Wi \ X - Nl E""\Y' VI 4+ Wa (Y’*‘szlv) (Alz)
w

If Eq. (A4) is now considered to be of the form

D = Ei*“w + Fp (A13)
it must be truel?® that
E=1+A (1-o) (A14)
F = av ( - 1:-— (A15)
T
w

The essentials of the task have now been completed; by collecting
terms in'ﬁw and P in Eq. (A4) and using the representation of Eqs. (Al4)
and (Al5), two expressions are obtained for «. From the ?; coefficient,

the algebraic manipulation gives Eq. (21) of the main body of the report:

To RT
all - —J)=qw; + q Wy, - —— qwW;Ny
T s g E s
W w
1 c ff wa
-+ p_ - q wZNz 1 - W1N1 (A16)
W2N2 C T g E
S W w
From the p coefficient
To RT
w
03 1 - :—" = qSW1 Nl —_— -] + g W2 (szl—l)
T E g
w w
c T wyN, RT
1 1v1
. 2t - — - 2m, (A17)
T
c T, WoNy woNy Ew




Since the parameter o is specified at the limiting pressure, Egs. (Al6)
and (Al7) actually represent two equations for the two unknowns N; and Ng ,
i.e., Eh and Ef . When they have been solved as indicated in theﬂnumericgl
analysis” (Appendix B), the solution is complete in the sense that the
desired linear response at the stability limit line has been introduced

(through specifying QE) and that the proper steady-state behavior will al-

ways be achieved after passage through a transient.



Appendix B

COMPUTER CODE AND REPRESENTATIVE OUTPUT FORMAT

This appendix includes a printout of the numerical program and of a
representative output format. Comments are included throughout the pro-
gram to make its use self-explanatory. Four input formats are provided

for the calculation of the burning rate response during:

1. depressurization of a chamber
2. pressurization of a chamber
3. depressurization with an exponential pressure decay

4. a sinusoidal pressure variation.

Any other desired pressure-time history could easily be introduced into

the program.

Two output formats are provided, one including the temperature profile
behavior in the solid and one excluding it. The output Z* is the non-
dimensional heat transfer (i.e., temperature derivative) at the surface
with the spatial coordinate considered positive into the grain. The print-
out excluding the temperature profile is shown here. For an example of

the temperature profile printout, see Appendix C.




000003

000003
000003
600003

000003
000003
000003
000004
000005
000006
006010
000011
000013

000014
000015
006016

0600020

000021
000022
000023
000024
000025
000037
000037
000051
000051

000131
000134

Eele)

«

Helel

500

550
202

8860

OO0 OOGOOTOOOO0

PROGRAM COMB (INPUTsOUTPUT TAPES=INPUT TAPE6=OUTPUT)

THIS PROGRAM COMPUTES IHE TRANSIENT BURNING RATE RESPONSE OF
COMPQOSITE SOLID PROPELLANTS

COMMON WokwOoW2eWhs ZoZly VelloJ5eJFsKoeKSeL 1oL 2sNeN2ePSoRE9UZ20Y 1
1EPS30EPS4+EPSL4EPS29DIsCOe JERROR IPLUSy JPRINTeCO9CoPOoROsQRL 9QGP
2C19C25C36C55USPONINZ2oWLGoEL9CloUL o WL yMoENSIEFSoWRReZF Iy
3CPsCSs QA6 s QASsEFTosEHI o NN2sNNI s WF19QSoQGIUD WY o W2]

REAL KoKlyK2oKIsKGoKSoKEoKAPPAsNgMoMl gM2oL 1o L2sKIN

REAL L2L1oKLoJ3sJToKKsNNZ2eNN1oNUgNUM

DIMENSION AA(100)eBB(100)sCC(100)+NDD(100)¢AVEC(LI00)+BVEC(100),

1 CVEC(100) sDVEC(100)

DIMENSION W(100)s V(100)s 2(100)sDATE(12)yPROP(12)+Q(100),6G(100)
DIMENSION AXZ{4964)eBXZ(4)ePXZ(6)¢BBB(5,5)9CKZ(%4 ) oBXY(4)4PXY(4)
JRR=g

JERRQR=0

EPS$120,0001

EPS2=20.001

EPS3s1.0E=07

EP54=1,0E=08

JPRINT=0

JPRINT=0 EXCLUDES PRINTOUY OF TEMPERATURE PROFILE IN SOLID
JPRINT=1 INCLUDES PRINTOUT OF TEMPERATURE PROFILE IN SOLID

N2= g
THETA=0.50
Yls 0,04

Yl 1S NONCIMENSIONAL INCREMENT OF DISTANCE IN SOLID PHASE
NZeas

VALUE OF K22 ESTABLISHES NUMBER OF POINTS

IN TEMPERATURE PROFILE PRINTOUT

J3=1.0

J5=1

Jb=1

J9=1

READ (59500) (DATE(I)e1I=112)

FORMAT{12A6)

READ (5s550) (PROP(I)slslel12)

FORMAT(1246)
READ(5510)CoeKAPPAeTSTOPyGoU0sCP¢POSEL NNIsNN2IQOQToQRL s RHSoKK s
1 FRePOWs TSTEPs TCHANGE ¢ TIMFACsJToRDL ¢ WRR
IF(EOF+5)100208880

WRITE (6+8888)

C4 IS RATIO CP/CS

KAPPA IS THERMAL DIFFUSIVITY OF SOLID (IN#¥2/SEC)

TSTCP IS GUIT TIME (SEC)

G 1S GAMMA i

U0 IS AMBIENT TEMPERATURE OF SOLID (DEG K)

CP Is SPECIFIC HEAT AT CONSTANT PRESSURE (CAL/GM=DEG K)
PO IS INITIAL PRESSURE (PSin) .

E1 1S ACTIVATION ENERGY OF WALL DECOMPOSITION (CAL/MOLE)
NN1 IS GAS PHASE ORDER AT WALL

NNZ 15 GAS PHASE ORDER IN MAIN FLAME

QuT IS TOTAL HEAT RELEASE PER UNIT MASS (CAL/GM)

GRL [5 RATIOC OF SURFACE TO GAS PHASE HEAT RELEASE

RHS IS5 DENSITY OF PROPELLANT (LB/IN##3)

KK IS5 THERMAL CONDUCTIVITY OF THE GAS PHASE (CAL/CM=SEC=DEG K)
FR 1§ FLAME TEMPERATURE AY 100 PSIA (DEG K)

POW 1S POWER IN FLAME TEMPERATURE/BURNING RATE EQUATION

0010
0020
0030
0040
00590
0060
0070
0080
0090
0100
0110
0120
0130
0140
01%0
0160

0180
0190
0200
0210
0220
0230
0240
02590
0260
0270
0280
0290
0300
0310
0320
0330
0340
0350
0360
0370
03R0
0390
0400
0410
0420
04130
0440
0450
0460
0470
04RO
0490
0500
0510
0520
0530
0540
0550
0560
0570



000140
000140
000152
000182
000164
000164

000204
000204
000206
600212
000216
600220
0b0221
000223
000225
000226
600236
000240
000261
000243
000244
666246
000266
000270
006271
000300
000304
000307
000307
000310
000330
000332
006381

000353
000366
000401
800623
000426
000433

600443
000644

[L2Xsileils o ¥

Telle]

NG 1IN0

(o T o BT o]

501
55)

100

560

TERENEE 8L ERUToR"BYORu 1t T1PRe STRER 1€ uanceo

J7 GIVES PRINTOUT AT EACH (J7¢l) TIME INCREMENT
RDL IS LOWER DEFLAGRATION LIMIT
WRR 1§ WALL TEMPERATURE WHEN THE BURNING RATE IS .1 IN/SEC (DEG K)

"8888 FORMAT(1H])

WRITE(66501) (DATE(I)slelsld)

FORMAT (1H +50Xs12A6)

NRITE(b;SSl) (PROP(I)eslmlsl2)

FORMAT (47H SOLID PROPELLANT TRANSIENT COMBUSTION BEHAVIOR/
11H s12A6)

READ(50100) (BAY(I) oImlob) ¢ (PXY(])s1I®Y04)

BXY AND PXY ARE FOUR BURNING RATES (IN/SEC) AND FOUR PRESSURES
(PSIA) CHOSEN TO FIT MEASURED CURVE

FORPAT(8F10.4)

DO 5 I=mle4

BXZ{I)sALOG(BXY(I)

PXZ(1)=ALCG(PXY(I)

AXZ(191)8140

AXZ(]1:2)=PXZ (1)}

AXZ{I+3)s(PXZ(]))e®2

AXZ(1o6)m (PXZ(1))ee3

CONTINUE

CALL SOLVE (AXZoBXZo6e69CXZeSeBBB,ISOL)

Clatxz (1)

c2elxz(2)

c3etx2(3)

c5aCxzZ (4)

PABS00,0
FblCloCZ'ALOG(PA)0C3'(ALOG(PA))“'2¢C5'(ALOG(PA))'03
FomExp (F6)

pBapA

PAR(F6/0,00239)0a(1,0/0,726)

IF(PA.LT.(0,999OPB))GO 10 560

IF(PA.GT.(I:OQI“PB))GO 10 560

PLEPA

PL IS5 THRESHOLD PRESSURE FOR TRAVELING WAVE INSTABILITY
JEXTal
ROLBC)1+C24ALOG(3.0)¢CI®(ALOG(3,0))#82¢C54(ALOG(3,0))4a3
ROL=EXPIRDL)
RO‘C1¢CZ“ALOG(P0)*CS*(ALOG(PO))'*2*65‘(ALOG(P0))”3
RO=EXP(RO)

RO 18 THE INITIAL BURNING RATE (IN/SEC)
UNuC202,00C39AL0G(PL)+3,00C5a (ALOB(PL))®e2

UN 15 THE SLOPE OF THE BURNING RATE/PRESSURE CURVE AT LIMITING
PRESSURE

NUECZ202409C39ALOG(PO) ¢3,09C52 (ALOG (Pg))y®e2

NU 1S THE SLOPE OF THE BUﬂNING RATE/PRESSURE CURVE AT INITIAL
PRESSURE
ﬂRlCloCZ*ALOG(lOO.O)tCS‘(ALOG(lOO.O))"ZcOOCSO(ALOG(IOOoO))"3.0
RRaEXP (RR)

RR ~ 1S THE REFERENCE BURNING RATE AY 100 PSIA (IN/SEC)
UZuFRO(RO/RR)'ﬁPON

ve 1S THE INITIAL FLAME TEMPERATURE (DEG K)

UlasWRR /(l.o-wﬂn ©AL0G(10.00R0) 7EL)

ul 1S THE INITIAL WALL TEMPERATURE (PEG K)

Wo=Ug/Ul

A mEla(l,0=w0) /UL

8288

0600
0610
0620
0630
0640
06890
0660
0670
0680
0690
0700
0719
0720
07130
0740
0750
0760
0770
0780
0790
0800
0810
0820
0830
0840
0880
0860
0870
tead
0890
0900
0910
0920
0930
0940
0950

0960
0970
0980
0990
1000
1610
1020
1030
1040
1080
1060
1070
1080
1090
1100
1110
1120
1130




060477
000501
000506

000516
0dé522

000526
000537

000561
000544
000847
066580
660886
600563
000564
000573

0006062
060604
000606
666610
060613
600614
660616
060620
6o0é2s
000680
LLITY
600674

000716
090722

000725
600732
600738
000740
000744
6060746
006750

sl N

[ o Y o BN v ]

(o BT » BT ¥

1€

€ €Y

snéggtLPYROLYSXS FACTOR ASSOCIATED WITH THE LINEAR BEWAVIOR OF THE
KS=R(/KAPPA

KéaReKS

KekéeTSTEP/ (YieY))

KINsK

YST=TSTOP

T6T0PeKE9TSTOP .
AL=C1+C2#ALOG(PL) +C3® (ALOG(PL) ) we2+C5e (ALOG (PL)) #e3

RLEEXP (RL)

RL ~ IS THE VALUE OF BURNING RATE (IN/SEC) AT THE THRESHOLD PRESS
FLBFR® (RL/RR)26B 0N

FL 15 THE VALUE OF FLAME TEMP, (DEG K) AT THE THRESHOLD PRESSURE
HLEWAR  /(1.0=WRR “®AL0G(10.0%RL)/EL)

WL IS THE VALUE OF WALL TEMP, (DEG K) AT THE THRESHOLD PRESSURE
ALBE1#(1,0=U0/uWL) 7HL

ALPHABO, 2269AL0G (AL ) 60170

THIS 1S ALPHA AT THE THRESHOLD PRESSURE

WREERR  /(1.0°WRR ®ALGG{10,0%RR)/EL)

WR 1S THE REFERENCE WALL TEMP, AT 100 PSJIA

Cc5sCP/CE

€5 IS SPECIFIC HEAT OF THE SOLID PHASE (CAL/GM=DEG K)

RHO® RHS#454,0/(2.56) %82

QQGEBEQAT/ (1. 0eGRL)

0GReQQG/CP

NURBQEP=FL U= (1,0=1,0/C4) U0

DENaFL=Ug¢ (1,0=1,0/C&)2Up=QRL@QGP

WRLBNUM/DEN

2FLB1,0%1,0/ (QGP/ ((FLeuL)®(1,00WRL))=1,0)
xru-(KK/(RH0~RL0cP))GALOG(ZFL)'IOOOO.O

KFL 1S THE DISTANCE FROM THE WALL TO THE GAS PHASE FLAME AT THE
LIMITING PRESSURE™ TMICRONS)

QGS=gRL40G6

Q620067 (CSPHL)

@5=QQS/ (C5PuL)

W2LeRHO®RL/ (1. 04WRL)

WillewRL®Wal

Blleyll/ (wlLeW2L)

B22sWaLl/ (b1l eW2L)

BNASB22#P0W® QG (Q6=0S)
BNBS«C49FL/WLEPOW® (3,0906=200%QS) «00%B22® (Q6=0S5) =ALPHA® (1 ¢0=U0/HL)

1 #{0B=2,0048}

BNCE2,08C49FL/7HL® (QG=Q5+POW/B222C4FL/UL)
BNaa(oBNE#(ENS*'Z—‘.OOENAGBNC’"0.5)/(Z-O'BNAi

BNL® (=2, 0905881122, 04002822+06%8220BN20P0WQ0=2,09POWBCHSFL /WL ) /

i (QB¥B1I%WL/E1=2,0205#B119%WL/EY)

EFLEFL® (BNE2=NN2=2,0)

EFL 1S GAS PHMASE ACTIVATION ENERGY AT THE THRESHOLD PRESSURE
EHLeyLe (BNI=NN1=2,0}

EHL 15 WalLl REACTION ACTIVATION ENERGY AT THE THRESHOLD PRESSURE
§512C4%U2/ WL=RSSU0/ WL

§S2ac4sUa/ul=Q0=U0/ 1

§S4=Ro/RL% (WlkeWal)

W2ie=5519554/ (5522581}

W11es529554/ (882«851)

WRiswliswél

EHS® (1,0eklL/EHL® (ALOG(H1T/WIL) =NN1GALOG(PO/PL) = (NN1v2,0}@

1 ALOG(UI/ZWLY } Y eUL/WL



000777

001026
001031
001033
001035
001037
001046

001055
001087
001060
001062
661063

001071
6061071
001071
001101
001115

001127
001127

001137
001140

001180
001181

001171
001171

001253

0012523
061258
001287

001306

001306

YOO

oo

Ney

tOONOMOIO

10
11

le

13

14

15

EFS'(168 E%/FL b é 21/4W2L)=NN2®ALOG (PO/PL) = (NN2+2,0)®

0S=s0¢S/ (CS#UY)

Q6=GGG/ (C5%U))

EF I8EFS®EFL

EHIBEHS®ENL

ZFI81,001,0/(QGP/((U2=U1)® (), 00WR]))=1,0)

XFI=(KK/ (RHO®RL®CP) ) *ALOG(2ZF1)#10000,0

XF1 1S THE DISTANCE FROM THE WALL TO THE GAS PHASE FLAME AT THE
INITIAL PRESSORE (MICRONS)

Ellm2,0%E]

ESSs2,0%EF ]

E3382,0%ENI

E44u2,0%E4

READ(S911) J

J DETERMINES CASE TO BE CALCULATED

FORMAT (TFL1044]7

FORMAT(211)

GO 'T0 (125139164151 4J

READ(S916) DECAYsV1eM1sPF

Kém1,0¢ (VI®MI®DECAY)/(1565,0012,0%]1+B%RHSERO#GHU2%047)
DECAY IS THE INITIAL DECAY RATE IN PSI/SEC

K& 1S THE RATIO AT/ATI®AT®

PF IS YHE EXTERNAL PRESSURE

G0 To 17

READ (54161 TAUWPF

TAU IS TIME CONSTANT OF DEPRESSURIZATION CURVE

PF 1S THE FINAL PRESSURE

60 T0 17

READ (5916) PBsF3

P8 IS THE AMPLITUDE CHOSEN FOR Pe

F3 1S THE FREQUENCY IN CPS

60 10 17

READ (5916) TPULSEWV1sM1oM29K49PF

TPULSE 1S THE DURATION OF EXTERNAL INJECTION

V1 1S RATIO OF CHAMBER VOLUME TO BURNING SURFACE AREA
Ml 1S MOLECULAR WEIGHT OF PRODUCT GASES

M2 IS RATIO OF MASS INJECTED TO MASS EVOLVED BY PROPELLANT
Ké IS THE RATIO AT/ATI=AT®

PF 1S THE EXTERNAL PRESSURE

16 FORMAT(TF10.4)

17 WRITE(6918)C1eC29CIoC5sCH9CPCSIKKINNLJNN2sUDGFRIWRRyPONIRHS 9 WRL y

1
18 FORMAT(/16H INPUT CONSTANTS/4M C1meE15,8/4H C2=+E15.8/4H CI®4EL15,8
76H C589E15.8/64H C4uoE15.8/6H CPurE1SeB/4H CSuyE15.,8/4M KGmy
E15,8/4H N189E15:8/4H N2#yE15.8/4H TOBIE15,8/5N TFR=yE15,8/

O U & W IOt

GRLoKAPPAGGTSTyTIMFACY TCHANGE s TSTEP

SH TURBIEIS«B/5H POWBE]15,8/5K RHOB9ELS5,8/5H WRL=®9EL15.8/
5H QRL=9E1S5:8/TH KAPPARIEL1S.B/TH GAMMARLE15.8/7H TSTOP=,
E15,8/8H TIMFACEsE]5,8/9H TCHANGE®=+E15,8/11H TIME STEP=,
E15.8)

EF182,0%EFL

EHl=2,0%EHKL

WRITE(6+40)PLsRL, ALsALPHA, EF1oERLsFLoWL I XFLOUN

40 FORNAT(/19H LIMIT POINT VALUES/6H PL3¢E1S5.8/4H RLEIE]S,8/

1
2
3

6H ALZIE1548/8H ALPHALBIEL1S.8/
5H EFL=9E15,8/5H EHLI’E!S-B/SH TFL29E15.8/5H TWLeyE1S5.8/
SH XFLssEL5,8/5H NU 8¢E15.8)
I1sINT(1, D/YI‘O.S)

1138
30
1760
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1880
1860
1870
1880
1890
1900

1520
1930
1940
1989
1960
1970
1980
1990
2000
2010
2020
2030
2040
2080
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2280
2260
2270
2280




116
001318
041322
001325

001356
001413

061613
001425
001430
001442
061445
001647
601450
§01451
001452
601483
001454
601458
001686
061460
001461
061462

001663
G01264
601465
061467
661471
601472
061508
001514
601516
641520
G01sz2
601842

601562
001582
001554
051555
601561

- 00186l

061611
(01611
661611
ob1e12
001613
601617
061620
601623
601628

41

136

52
171
172
173

26
28

29
a7

200
206
2io

2101

E3 [3

Sééag fff&ii.w I;

BN2sNN2e2,0*EF I/U2

BNlaNN1®2,09EHTI/UL

ALPha= (Q52B11+Q6»B22=U1/E1#QS2B119BN1+ (C42U2/U1=-06G%BR2%8BN2)#

i ({1,0=UL/E12B11@BN1)/ (B226BN2))) /{1, 0=U0/U1)
WRITE(65411P0sROIELILIESS(EIIoURoU1+QQG0ASsAsALPHA, NUsXF I
FORMAT (/21K INITIAL POINT VALUES/4H POn¢E15.8/6H ROZ,E15.8/4H EWs,
1 E15.8/6H EF2sE15:8/4H EMBIE15:8/4H TFBoEL1S5.8/4H THseE15.,8/
2 4H GG=oE15,8/4H QSeeE15,8/4H A =,E15,8/TH ALPHA=EL1S.8/
3 8H NU 83E15,8/8H XF1  =3E15,8)
ALPRALEL .04 (1,0-SQRT(1:06850%A) )/ (AeA)

WRITE (608888)

WRITE(69501) (DATE(I)sl®isl2)

IF (ALPHA=ALPHAL) 72097205136

P58],0

RSs1,0

R3m1l .0

Ké&és],0

Wisl,o

We=1,0

W3=1,0

Weém]l,0

Zlze (Wi=W0)

T0080,0

G0=0,0

GO0=1,0

GQO 1S THE INTEGRAL OF THE INITIAL TEMPERATURE PROFILE.
EFSsl.0

EHS2] 0

TaReyieyl

IMINUSsllel

IPLUS=T]1¢}
GGLlz{6=1,01/2s0%(2:0/(8¢1,0))@8((BGe1,0)/(G=1,0)}
PRF=2((G+1,01/2,0)%8(=G/(G=1,0))

1Flu=l) 5255182

IFlye2) 17102386171

1F tJ=3) 17292689172

WRITE(6:173) Vis Kés M2¢ Mle TRULSEPF

FORFAT (26K EXTERNAL PULSE RESPONSE//8H V/AB =+E15.8/
] 8H AT/ATInsE15,8/ BH MR, =9E15,8/BH MoWo =4E15.8/
2 6H TPULSE=¢E15.8/8H PF #E15,87)
Kle(poeVI2R0®M]) /(1545,0212,09]1,8%RHS aKAPPA®UR)
KZsK1l/G

IF (UPRINTY 27926527

WRITE(6428)

FORMAT (9H TIME¢11Xo2HP® 11X 2HE® L1 Xo2HZ0g 1 1 Xo2HR@ 9 L 1X o IHT WS,
1 10Ks3HTF@s 10X IHTCHo 10X o IHEF @0 10X 9 IHEHS/)
WRITE (65291 T00:P5s6G00s2sREeWloW2oWIALEFSCEHS
FORMAT(10E13,4)

CONTINUE

CALL sUB60O

60 10 210

IF{T=K6®TPULSE) 21052104206

He=h, 0

PFRePF/ (P58Pg)

iF (PFR«PRF)} 2111921112101

K&6w (G61/ ({1, 0=PFR¥2((Ge],0)/6) ) #PFRa%(2,0/G)))#%0,5

5338
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2610
2620
2630
2640
2680
2660
2670
2480
2690
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2680
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2860
2810
2820
2830
2840
2880
2860



2111 ???43517559030; SAT AREA RATIO TO ACCOUNT FOR NOZZILE UNCHOKING 58;8

001647
001652 207 XSz (R5#W2eM2e (K4/Kéb)aPBayIeng,5) /K2 2890
001666 X68 (K1 #X5/HIeRE=M2¢ (K6/Keh) ®PS/ (WINE,5) ) 8WIRWI/ (K1#PG) 2900
001706 P502PS 2910
001707 ®308w3 2920
001710 P58P5QeXSeKeYlay] 2930
001714 w3sh30eX6eKeYley]l 2940
001717 G0 10 36% 29590
001717 208 X508 (R5#W2¢M2=(K4/Kbbk) *PEEHIEN),8) /K2 2960
001733 X608 (K1#X50/W3=RE=M24 (K&/K64) OPS/ (WIR4(45) ) #W3®W3/ (KL #P5) 2970
001783 P5BP50e (XS54X50) #K2Y1#Y1/2,0 2980
001762 WIBKIQ (XE+X60) #KRY10Y] /2,0 2990
001770 G0 10 365 3000
001770 238 RATE=(P0=PF)/TAU 3010
001773 WRITE (69244) ~ TAUsPOIPFRATE 3020
002007 244 FORPAT(IH /27H EXPONENTIAL DECAY RESPONSE/ 3030
1 15K TIME CONSTANT=,E15.8/ 3040
26H PO=oE1S.8/4H PFaEL1S5.8/20H INITIAL DECAY RATE=+E15,8/) 3080
002007 IF (UPRINT) 90049019900 3080
002010 901 WRITE(64+28) 3070
002014 HWRITE(6929)TO00sP5¢G00+2Z)sRS oW1 oN2eWIIEFSHEHS 3080
002064 900 CONTINUE 3090
002044 CALL sSUB60DO 3100
002048 906 PS58PF/P0s (1oPF/PO)*EXP (oT/ (K68TAU)) 3110
002060 GO 10 365 3120
002061 51 WRITE(6450) DECAY4Ké 3130
002071 50 FORMAT(34¢h CHAMBER DEPRESSURIZATION RESPONSE// 3140
' 120K INITIAL DECAY RATE®.E1$5,8/8H AT/ATIS=EY15,8/) 3180
002071 IF (JPRINT) 902+903,902 3180
002072 903 WRITE(6428) 3170
002076 WRITE(6929)T00¢PS9G009Z) sRE9M) sW29WIsEFSIENS 3180
602126 02 CONTINUE 3190
002126 CALL SUB600 3200
tb2127 K23=pPQ®RO4RO® (1=K4)/ (KAPPARDECAY) 3210
002137 KlaGek2 3220
002140 60 10 210 3230
002141 268 PB1a],0¢PBRTSTEP 3240
002144 WRITE (69275) P81,F3 3250
002154 275 FORMAT(20H SINUSOIDAL RESPONSE/4H Pe=sF15,8/4H F*u+E]15,87) 3260
002184 IF LUPRINT) 90459054906 3270
002158 905 WRITE(6+28) 3280
002161 WRITE (6929)T009P5060002Z1¢REsH1rW2+WIIEFSIENS 3290
002211 904 CONTINUE 3300
002211 CALL SUB600 v 3310
062212 F386,28324F3/Ké 3320
602215 280 IF((T/K6)¢GT,(TCHANGE=20,0®TSTEP))GO TO 365 3330
002224 P53),0¢PBELT/KE) 3340
002226 365 CALL SUBS00 3380
t0ez27 1F (UERROR=1) 36697450366 3360
0b2231 366 W2mwé 3370
B c W2 1S FLAME TEMPERATURE RATIO TFe 3380
002233 WF2=RS#DY=WF} 3390
02236 218R56 (C4# (U2/U18W2=u0) ¢ (C421,0)0W0e (W1=W0)=QSPHF 1/ (WFleWF2)=QG® 3400
1 WF2/(WFlewF2)) 3410
002261 WebEyé 3420
002262 FNUMsK® (1, 0=THETA} 3430
002265 CONSeFNUMe FNUM 3440




002266
062267

002271
bozar2
662276
062300
002303
002306
002311
002313
002314
002320
062324
002325
002331
002334
002335
602342
062344
002366
002354
002365
002366
002377

002414
002420
dd2422

002624
002428

002436
002437
002443
G02es7
802450
002451
002453
002457
602462
602464
062467
gdzav2
0026746
602502
062502
002503
602505
602511

002513

002515

pb2s2s
2527
062532
062538
002537

1o

20

21
22
23

24

403
78
446
447

448
449

azgzz2
8224

455
460

461
465
496
680
685

THRaK®THETA

DO 20 I=1,I1

Flsl

CTERMB1 0= (FI=1,0)9Y]
CTERMsCTERM#®CTERM®CONS
AATI18le0+CTERM
BB(l)=l,0=CTERM

CONS20,5% (RSal,0)®Y]

DO 21 I=lell

Fl=]

CTERMELo0=(F] =1,0)®Y]
CClI)aCTERM® (CTERM®CONS)
DD {1)sCTERM® (CTERM=CONS)
BVEC(I)®1,0

CVEC (1) ma (FNUMeFNUM) /AR (1)
DO 22 I=2,IMINUS

CVEC (1) ==FNUM®CC(I)/AA(])
DO 23 1=1,IMINUS

IPsle)

AVEC (])==FNUM#DD (IP)/AA(IP)

DVEC(1)5(2.08K# (THETA®V(2)=Y1#214DD (1)) ¢BB(1)&V(1))/AA(])

DO 26 I=2IMINUS

DVEC (1) = (THK# (DD (1) %V (I=1)eCC(I)@V(I+1))¢BB(1)®V(I}))/AA(])
DV@C(Il)u(FNUMﬁCC(!l)*ﬁ00BB(Il)‘vtxl)tTHK*(DD(Il)’V(ll-l)¢CC(11)'

V(IPLUS)))/ZAALIY)
CALL TRIDAG(I1,AVECoBVEC,CVECoDVECH)
WIPLUS) 240
Wisk (1)
Wl IS WALL TEMPERATURE RATIO Tw#
REmRs
RESEXP (=E1®(1e0°W1)/ (UlOW1))
RS IS5 THE BURNING RATE RATIO Re
RTEST=RB/RS
IF(RTEST=(160°EPS2)) 465,603,403
IF(RTEST=(1.0°EPS2)) 441,64),465
J9=1
60 To 680
NECNLCTS I
TY=TeReY1I®Y]
IF({YwK6#TCHANGE) 4499 468,648
KeKINeTIMFAC
TaToR®Y1&Y]
IF(T=TSTOR) 455,455,8222
CALL SECOND(TME)
WRITE (6+8224) THE :
FORMAT(1H ///16H RUNNING TIMEZ+E)15,.8)
G0 Yo 202
DO 460 I=ls IPLUS
V(IlsW{l)
RE0=R5#R0
R50 1S THE INSTANTANEOUS BURNING RATE
IF (R50=RDL) 75697564461
G0 T0 (200s90652809200) ¢y
JoBYel '
IF (J9=20) 461+4610716
IF (J3=JT) 46606469685
TK&aT /K6
N2E0

3480
3460
3470
3480
3490
3500
3510
3520
3530
3540
3580
3560
3570
3880
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
37990
38060
3810
3820
3830
3840
3880
3860
3870
3880
3899
3900
3910
3920
3930
3940
3980
3960
3970
3980
3990
4000
4010
4020



802841
0

002546
002550
002551
002558
002557
002561
0025623
602ses

002567
062870
002576
002576
662600
002602
002603
002607
002607
bb2e612
002614
002616
002620
tbaez2
002622
002623
002625
002633
0026641
002653
002653
002688
f02660
002663
002663
062711

002711
002715
002718
002716
082746
002746
002750
002751
002781
002788
002785
002767
002767
002770
002774
062774
062778
002777
003007

6000
6010

6020

175
686

613
614
622
696
615

616
617
620
696
629

478
416

610

176
30

716
1%

7000

720
121

745
146

6 s IPLUS
8918998 T tuo PiY S 0ewo

CONTINUE

DO 6010 Isly Il

66(1Iu(QII+1)eQUI))I/2,0%Y]

CONYINUE

00 €020 Isly I1

608G0+GG(1)

CONTINUE

G0u2,0%G0

60 1S THE INTEGRAL OF THE TEMPERATURE PROFILE
IF (JPRINT) 17541744175

WRITE(64686) TK6

FORNAT (64 TIME=+E15.8)

DO 696 Ials IPLUS

Lele]

IF(L) 613+6130622

WRITE (64614)

FORMATY (8H /9H YRo13XeTHX (INe) s 6Xe14H(TeTO)/(TWeT0))
IF (LeN2) 6969694,694

FL=L

PRNT1=FL®Yl

IF (PRNTL «140) 61616154616

ARG=0,001

PRNT3804001

60 10 617

ARGE1,0=PRNT]

PRNT3a (W(1)oW0) / (W(1)=R0)
PRNT2u=AL0G (ARG) / (KG#RS)

WRITE (606200 PRNT1.PRNT2,PRNT3

FORMAT (3E1608)

N2aN2eN22

CONT INUE

WRITE (60629)

FORMAT (1K )

WRITE (69476) P59G0» Z1oRSsW1 W29 WISEFSIEHS
FORMAT (BH Pogp 13X s 2KE® Y 11X 92HZ®,

11284 2HR® 12K o IHTWA L 1X 9 AHTF R4 11X o IHTCH o 11Xy IHEF# s 11X o INEHS/

29E14,5)

WRITE (69610)
FORMAT (1H0)

60°T0 30

WRITE(6929) TK6sP59G0y Z1sREsW1a W29 WIIEFSIENS

CONTINUE

J3‘1'0

G0=0,0

60 10 447

WRITE (64717}

FORMAT (34K FINAL ITERATION DOES NOT CONVERGE)

WRITE (697000)RSeRByTKE

FORMAT (4H R5EIE15.8/4H RABIE1S(B/6H T =9E15.8)

60 To 8222

WRITE(69721)

FORMAT (27K LINEAR LIMIT LINE EXCEEDED)

60" 10 8222

Lalle=L2ell

WRITE (69766) Wéyl2L1

FORFAT(31H TF ITERATION DOES NOT CONVERGE/4H W4siE15,898H F(TF) =,

4
4338
4080
4060
4070
4080
4090
4100
4110
4120
4110
4140
41%0
4160
4170
4180
4190
4200
4210
4220
4230
4240
4280
4260
4270
4280
4290
4300
4310
4320
4330
4340
4380
4360
4370
6380
4390
4400
4410
44320
4430
4640
4450
460
4470
4480
4690
4500
4810
4520
4530
4540
4580
4560
4870
4580
4890
4600



003007
003010
003014
003014
003015
0030158
003017

747
56
158

1600

1001

1002

Yoo 10 oE43°®

WRITE (65758)

FORMAY (44 BURNING RATE BELOW LOWER DEFLAGRATION LIMIT)

G0 To 82a2
CONTINUE
STOP

END

B-10

4838
4630
6640
4650
6660
4670
6680



SUBRQUTINE SOLVE(AAs Yo No NMXe Xo NP1y Ae ISOL) 4690

¢ SUBROUTINE TO SOLVE AN N BY N SYSTEM OF EQUATIONS OF THE FORM 6700

¢ Ap ® X 8 Y wee WRITYEN IN FORTRAN II 4710

¢ ' 4720

¢ AA CONTAINS THE GIVEN N BY N COEFICIENT MATRIX 4730

¢ ] CONTAINS THE GIVEN N BY 1 RIGHT HAND SIDE 6740

c N 1S A POSITIVE INYEGER 4780

¢ iNMX IS THE GIVEN DIMENSION OF AAs Xo AND Y IN THE CALLING PROGRAM&T60

¢ X IS THE N BY 1 SOLUTION VECTOR 4770

¢ NP] 1S A'POSITIVE INTEGER GREATER THAN OR EQUAL TO Ns] 4780

¢ A IS AN NP1 BY NP1 SCRATCH ARRAY 6790

€ 1SOL IS RETURNED AS 1 If A SOLUTION EXISTSs 0 IF NO SOLUTION EXIST4800
000013 DIMENSION AA(NMXy 139 Y(NMK) 9 X(NMX)e A(NPLy 1} 4810
000013 NM =2 N ¢ 1 4820
000018 00O 1 1 ® 1sN 48130
000016 A(ToNM) ® Y{I) 4840
000024 DO 1 J = 1N 4880
000028 1 Atlsy) = AALIYD) 4860
000044 DO 6 I=1sN 4870
000046 1€=0 4880
000047 2 IF(A{1+1))3+400+3 4890
000054 3 DIAGSTmA(Le]} 4900
000061 DO & JmIshM 4910
000062 & AlloJ)mA(I9J)/DIAGST 4920
000072 1X=1s1 4930
000074 DO 6 KsIXyN 4940
000078 ROWMULBA (Ks1) 4980
000102 DO 6 L=ulihM 4960
000103 6 A(KsLImA(Tol)®ROWMUL® (=] ) oA (KL) 4970
000126 MaN 4980
000127 X (M) mA (MyNM) 4990
000138 7 MeMs} 5000
000137 DO @ 1Ael,M So10
000140 8 A(IAJNMIaA(JTAINM)=A(TAsMe]) @A (Ms]PNM} 5020
000162 X (M1sA(MeNM) 5030
000166 IF (M=1) 5029502¢7 5040
000171 400 IE ®» IE#1 5080
000173 1Z8]41E 5060
000176 IF (JelE=Nel) 40194681048) 5070
000177 401 DO 404 IDmsleNM : » 5080
000201 SWITCH = A(1e1D) 5090
000206 A(Is1D)®A(IZ91D) 5100
600215 406 A(I2,1D)=SWITCH 5110
000223 G0 70 2 5120
000223 48} ISOL = ¢ 5130
060224 RETURN 5140
000228 %02 ISOL = ) 5180
000227 RETURN 5160
060227 END 5170

B-11




800002

600002
gboco2
006002
080002
880003
000008
G0Go24
toboze
686033
660043
600052
660060
$606064
500070
400071
0006073

poorae

800181
600153
§06174
600212
606226
Go0227
400233
666237
686240
680241
go02s2

#0252
000266

s6627s
soo2r?
666301
066302
466302
000303

EeXel

114 2NY o

$€

510
bgb
G22
§30

513

824
428

SUBROUTINE SUBS00
SUBROUTINE TO SOLVE FLAME SPEED EQUATION FOR YF#

COMMON WokQoW2sWés ZsZle VelloJ5:J9cKeKSel1sL2oNeN29PEsRE4U2eY ]
1EPSI(EPS4,EPSLIEPS29DIsCOs JERRORZIPLUS,y JPRINTICO9CePOIROIQARL9QGP,

2C1oC2oC3¢C50USoPOWINR2oWe4sEL1oCoHoUL s Wl MeEHSIEFScWRRGZF T
3CPeCSoQQGrQASsEF IsEHI o NN2oNNLoWF 16Q0SeQGIUOIWITIoW2I
DIMENSION W(100)s V(100)s Z(100)

REAL KeKSsLloL2sNoMoNNZoNNL

REAL LTEST

whehp

PGuP5®R )
RSBC1eC29ALOG(P6) ¢CI# (ALOG(P6) ) #024CB (ALOG(PS) ) #43
RSBEXP (RS)

USalize (RS/ROy2ePOW

WSBHWRR /(1e0=WRR #ALOG(10.0%RS)/EL)
sklscéay2/uleus/u2=-0s=U0/ul
$X2aC42U2/U14US/U2=06200/U1

SX4sRS/Roe (W11eWR])

WH28=SK1®5X6/ (SX2=5K])

WHlBSX29SX4/ (SX2aS5K1)

WRWRWH] /Ww2

EHS® (140=UL/EHI® (ALOG (HWH1/W1I)=NN14ALOG(PS§/P0)=(NN1¢2,0)®
1 ALOG(6S/UL) ) ) #HS/UL

EFSe(1.0=y2/EF 1% (ALOG (WH2/HR]) =NN2#AL0G(P6/PO) = (NN242,0)®
1 4L 0G (US/U2) ) ) 8US/U2

EF® 1S ASSUMED TO BE A FUNCTION OF PRESSURE ONLY
AND 1S CALCULATED FROM STEADY STATE CONDITIONS
Dl=wljew2] ’
WElewliepSeanNlowlee (NN1e2,0) R EXP(ERT/YL® (WIoENS) /1)
LladL 0G(RS4DI=WF 1) =NN2®ALOG(P5) «=ALOG (W21)

LE28 (NN2¢2,0)2AL0G (W) ¢ (EFI/U2)® (14 0=EFS/H4)
LTESTsL2/L)

IFILTEST=(1,0=EPS3)) 530,404,604
IF(LTEST=(1:0+EPS3)) 522,522,530

Jo8 ]

66 10 s52%

WSQau4 44

Flu(NN2e2,0)/Hée (EFI/7U2) @ (EFS/WSQ)

F1 1S FIRST DERIVATIVE OF L2

F2oe (NN2¢2,0)/uSQ=2, 0% (EFT/UZ2)® (EFS/ (WSQ®HE) )

F2 1s SECOND DERIVATIVE OF L2

Wenkae (L2oLl) 2 (F1eFRe(L2eL1)/(FleF1))

Wé 15 FLAME TEMPERATURE RATIO TFe

JSaJSel

IF(J5=50) Bl0e¢S1l0e52¢

JERROR=Y

CONT INVE

RETURN

END

5ia0
519¢
5260
5210
5220
5230
5240
5280
5260
5270
5280
5290
5360
5310
5320
£330
5340
8350
5360
5370
5380
5390
5400
5410
5420
5630
5640
5480
5640
5670
5489
5499
5500
5534
5524
5530
5540
55849
5%60
5870
55846
5549
8609
5610
56240
$630
5640
56580
5660




000002

000002
000002
000002
000004
000005
000007
000017
060020
000023
000025
060031
000031
000034
000035
000037
000042
000043
000045
000048
000047
000058
000063
000078
000078
060077
000102
000104
000111
0oe112

618
612

613

614
622
623

615

616
617
620
625

630
634

SUBRQUTINE SUB600
SUBRQUTINE TO SOLVE FOR INITIAL TEMPERATURE PROFILE IN SOLID
COMMON WowQeW2oWas ZoZle VolloJSeJ9sKoeKSsLIsL29NIN2+PSIRGIU2eY1s
IEP§3OEP§‘OEP51oEPSZoD!OQCoJERRORcIPLUS' JPRINTCOeCoPOIROVQRL 4 QGPy
2C16C24CI9CBoUSIPOWIN22IHAGIEL4COHIULIN]1 yMIENSIEFSyWRRZF T
3CP1CSeQOGIQQASIEFI1EHIINNZINNL o WF19Q0S9QGo U0 WL ToW2]
DIMENSION W(100)s V(100)s Z(100)
REAL KsKS59LloL29NeM
DO 625 IsleIPLUS
Lele=}
FLai
V(I)2(1e0=FL®Y1)®(1,0=H0) eW0
IF(JPRINT) 61846254618
IF(J9=1) 6124612,625
IF(L) 61346139622
WRITE (606164)
FORMAT (BM TIMESD/9H YOolIXsTHX (INe)s 6XoléMH(TeTO0)/(THaT0})
IF (L=N2) 625,623,623
FlLal
PRNT1mFL#Y]
IF(PRANTl=l,0) 61696159616
ARG=(,001
PRNT3R0,001
60 1o 617
ARGS],0=PRNT1
PRNT3as{V(1)ew0)/ (1:0w0)
PRNTE--ALOG(ABG)/(RS'RS)
WRITE (69620) PRANT1sPRNT2,PRNT3
FORWAT (3E16.81 -
N2sNhN2sN22
CONTINUE
DO 634 lsly IPLUS
willav(I)
RETURN
END

B-13

5670
5680
5690
S700
5710
S720
5730
5740
$780
5760
5770
5780
5790
8800
5810
5820
5830
5840
5880
5860
5870
5880
5890
5900
5910
5920
5930
5940
5950
5960
5970
5980
5990
6000
6010



000011
000011
000012
000013
000015
000016
000022
000026
000036
000040
000041
000042
00600s1
000052
000086
000086

Rellel

SUBRQUTINE TRIDAG(Ns+AVECBVECYCVECsDVECSSVEC)
SUBROUTINE 10O SOLVE FOR INSTANTANEOUS TEMPERATURE PROFILE IN SOLID
SOLVES TRIDIAGIONAL MATRIX

DIMENSION AVEC{1)9sBVEC(1)9CVECI1)oDVEC (1) sSVEC(])
DVEC (1) =0vEC(1)/BVEC())

WaBVEC (1)

DO 2 J=2sh

NNL NS

BVEC (JJ) aCVEC (JJ) /W

WEBVEC (J) =AVEC (JJ) #*BVEC (JJ)

DVEC (J) = (DVECTJ) =AVEC (JJ) #DVEC{JJ) ) /¥

IMZA-1

DO 3 JyslyIM

JJyahay

DVEC (JJ)mDVEC (JJ)=BVEC (JJ) ®DVEC (JJs 1)

DO 4 ymloN

SVEC (J) BDVEC ()

REYURN

END

6020
6030
6040
6050
6060
6070
6080
6090
6100
6110
6120
6130
6140
6150
6160
6170
61a0
6190
6200




SOLID PROPELLANT TRANSIENT COMBUSTIUN BEHAVIOR
uTx 11327

INPUT CONSTANTS
Cle=3,08174274E4+00
C28=2,70948178E~01

C3s 1,44544251E=01
C88=9,98599071E~03

Cés 1,00000000E.00

CPs 4,00000000E-01]

CSs 4,00000000E~01

KG® 4,00000000E=-04
Nls 1,00000000E400

N2= 2,00000000E+00

Yom 3,00000000E+02
TFRe 2,41900000F+03
TWRe 8,00000000E+02
POWs 1,05000000F=02
RHO= 8,00000000E~02
HRLe 1.94071918E-01
GRLE 1.00000000£=01
KAPPA= 1,00000000E-04
GAMMA=Z 1,20000000E+00
TSTOPs 7,00000000F=02
TIMFAC= 1,00000000E+00
TCHANGE= 1,00000000E-03
TIME STEPs 1,00000000E~0S

LIMIT POINT VALUES
PLe 4,27591898E+0n2
RLE 1.96266798E~n1
ALe 1,93599656E+0]
ALPHAL® 8,396846]15E~01
EFLe 5.37787134E+05
EHLE 1.022307S6E+05
TFLE 2,63430861E+03
THL® 8,17368812E+02
XFL® 1.35302233E+01]
NU = 3,80898941E-01

INITIAL POINT VALUES
Pos 7,00000000E+02
Ro® 2,32014316E-01

Ede 5,00000000E406
EFz §5,42757819€+05
EHe 1,03395534E+05
TF= 2,43885176E+n3

Tua 8,22142032E+02
QG= 1,00000000E+03
@sa 1,00000000E+02

A 2 1,93123427E+01
ALPHAE 8,38358051E«01
NU = 3,37197914E-01
XF1 8 1,34515667E+01

B-15

JULY 20 1970



91-d

CHAMBER DEPRESSURIZATION RESPONSE

INITIAL DECAY RATE= 6,00000000E+né
AT/071I= 4,69511536E+00

TIMe

e

4, 0000E~06
8,0000E-04
1.2000E=03
1.6000E-03
2,0000E=03
2,4000E=-03
2.8N00E~03
3.2000E-03
3.6000E=-03
6, 0000E~03
4.4000E~03
6,8000E=03
5,2000E~03
5,6000E-03
6,0000E~03
6, 4000E-03
&.B8000E=03
T.2000E=-03
Teh000E=03
B, 0000E~03
B,4000E=03
8.8000E=03
3.2000E=-03
G 6000E=-03
1.000pE=02
1.0400E-02
1.0800E~02
1,1200E=-02
1.1600E~02
1,2000E-02
1,2400E=028
1,2800E-02
1.3200F=02
1.,3600E-02
1,4000E=02
1.4400E=02
1.4800E=02
1:5200€E~02
1,5600E-02

Pa

1,0000E¢00
3,6628E-01
9.3382E-01
9.0270F"01
8,7286k-n1
Be4é26FE=0])
8,1683FE=01
To9053F~01
Ta6231F~0n1
Ta4111E=01
7.1789E=01
6.9561F=01
6,7422E~n1
6,536AF =0}
6,3395E=01
5.1699F =0}
S5,9678E=0n1
5,7926F=n1
5,6243E=01
5,6624E=01
5.3066E-01
5.1566E~n]
5.,0123E~n1
4¢8T34F =01
4,T395%E-n1
4.6106F=n1
4,4863E=n1
4436065F=nl
4,251nE=01
4o1396F«n]
4,0321E=n1
3.9283F=nl
3.,8281€-01
3.7312E=01
3.637TE=n1
3.5673F=01
3,4600E~01
3.3756E=01
3.,2939€+-01
3,2161FE=01

E‘ﬂ'

1,0000E+00
1,0019E00
1,0060E400
1,0102E¢00
1,0148E.00
1.0195E«00
1,0242E400
1,0290E+00
1,0339E+00
1.0388E+00
1.0436E+00
1,06485E+00
1,0534E400
1.0583E+00
1,0632E+00
1,0681E+00
1,0729E+00
1,07T7TE+DO
1,0825E+00
1,0873E+00
1,0920E+00
1,0967E+00
1,1014E400
1.1060;‘00
1.1107E«30
1.1152E+90
1,1198E+00
1,1263E600
1,1287E+00
1.1332E+00
1,1376E+00
1,1619E00
1.1463E+00
1.1506€+30
1.1548E+00
1,1591E+00
1,1632E+00
1.1673E+400
1,1716E400
1.1756E+00

JULY 20 1970

7%

=6,3510E=01
«6,2238E=01
6,1334E=01
“6,04B3E=01
=5,9656E=01
~5,8856E=01
=5,8071F=01
=5, 7TIN3E=01
«56549E=01
=5,5809E~01
'S'SORlEool
=5,4365E=01
=5,3662E=01
~5,2969E=01
-5,22B8E01
=5,161TE=Q1
~5,0957E=01
~5,0307E=0]
“6,966TE=01
“6,9038E=01
~6,841TE=01
=4,7B0TE=01

=4, 7209E=01"

=~6,6613E=01
~4,6029E-01
-4, 5455FE=01
~4,4888E=01
=6,4329E=01
~4o,37T8E=01
=4 ,3235€~-01
“4,2T700E-01
~4421T0E=01
~6,1645E-01
~4,1125E-01
~4,0615E-01
“4,0125€=-01
=3,96%3E~-01
«3.9173E=01
~3,8612E~01
-3,7569E-01

BURNING RATE HELOW LOWER DEFLAGRATION LIMIT

RUNNING TIME= 3,3511n000£+01

R4

1,0000E+00
9,5506E=01
9,3621E~01
9,1380E=01
9,0459E-01
8.,90646E=-01
8,7686E-01
8.6383E~01
B,5116E-01
8,3886E-901
B8,2686E=01
8,1513E=01
B8,0366E=0]
T.9238E=01
7.8132E-01
T«T046E=0Q1
7.597BE~01
Te¢928E-01
T.3896E=-01
T,2876E=01
7.1873E~=01
T.088¢E=-01
6,9909E~01
6.,894TE-0Q1
6,729BE~01
6,7061E-01
6,6135E-01
6,5219E=01
6,6314E~01
6,3620E-01
6,2535E-01
6,1654E-01
6,07T2E~01
5,9898E-01
5.9063E~01
5,8264E-01
5. TeIBE=-01
5.6708E-01
5,5592E-01
5.2920E-01

Toe

1.0000E¢00
9.9869E~01
9.978%E~Q1
9.9726E~01
9,96T71E«01
9,9620E~-01
9,9570E=01
9,9521€-p1
9,94673E=01
9:9625E~01
9,9379E=01
9.,9332E-01
9,9286E-01
90,92640E-01
9,9195E=01
9,9150E~01
9,9105E~01
2.9060E-01
9,9015E~01
9,8970E-01
9,8926E-01
3,8881E-01
9.8836E-01
9,8792E-01
9,8T47E-01
9.8703E-01
$.8659E-01
9,B8614E-pl
9,8569E-01
9,8525E~01
9,.8480E-01
9.8634E~01
9.838%E~01
9,8362E~01
9,8297E~01]
9.8254E-01
9,8213€-01
9,8169E-01
9,8106E~01
9.7950E=01

TFe

1,0000E00
9,9965E=01
2,9947TE-¢1
9:9930E=01
9,9915E-01
9,9900E«01
9,9885E-¢01
9,9870E~01
9,9856E=01
9.9841E-gl
3,9827TE=Q1
9.9813E~01
9,9799E=01
F,PT7TBSE~Q]
9,977T1E=01
9,9T758E=0]
9,9744E=Ql
9:8730E-01
9,8716E=(]
9,9T03E=~01
P.P689E~Q]
9,9675E=01
9,9662E=01
9.9648E~01
9:.9635€-01
9,9621E=01
9:9607TE=01
P.95%94E=01
9,9580E~01
9:956TE=0Q1]
9,9583E-01
9:9539E~01
9,9526E-01
9,9512E~01
9.9498E-01
9.9485E=0]
9.96T2E=Q]
9:9659E-01
9,9641E-0}
9.,9403E~01

TCe

1.0000E+00
9.9432E~01)
9.8874E~0)
9.,8328E~0]
B TTR4E~OL
9 TET3E=01
9,6763E-01
$,6265€~01
9,5780E~01
9.,5306E=01]
9.4844E~0]
9.4394E-01
?.3955E~01
9,3527E-01
9.,3111E=01
9.2706E~01
9.,2311E=-01
9.1928E~01
9.1555€=01
9.1193E-01
9,0861E~01
9.0699E=01
9,016TE-01
8,9845€-0]
8.9533E-01}
8,9230E~01
B8,8937E-01
8,8653g-01
B8,8378E-01
8,8112€~01
B, 7854E~01
8,7605E-01
80736‘E'01
8,7132E~-01
8,6907E-01
8.6630E~01
8,6681E-01
8,6280E~01
8,6086E~-01
8,5893E-01

EF e

1.0000E+00
9,9936E=91
2,9873E-01
9,9810E=01
9,974TE=Q1L
?,9686E~-01
9962401
$.9563E-01
9.9503E-01
PeP443E-0)
9,9386E-01]
9,9326E-01
9.9268E=-01
8921 0E=01]
9,9153E=01
9,9097E~01
9,9061E~01
9,8986E=01
9,8931€=-01
9.88T76E~01
9,8823E~01
9,8769E~01
9,8717E=01
9,8664E=0]
9,8613E=01]
2,8561E~01}
9,8511E=01
9,84660E-01
9.,8411€E~01
$.8361E~01
9,8312E-01
9,8264E=01
9,8216E~0]
P.816B8E-0])
9,8121E=01
9.,8075€~01
2,8028E~01
9, 7983E=0]
9, 7937E-01
8, 7T892E~01

EHe

10000€00
909923E=01
9,7845E-01
8.9T6IE=01
9.,9692E=01
9:9616E~01
9:9561E=01
F.2666E~01
9:9392E-01
9:2319E-01
9,9266E~01
PeR1TIE-0}
9.9101E-01
9.9030E=01
9,8959E=01
9. BBHYE-01
9.,8820E~01
9.8751E=01
8.8682E~01
9,86])5€-01
P B54TE=0]
9e8481E=01
F.8615E~01
9,8350€E«01
9,826%E-01
9:82821Ew01
2:8157E-01)
9.8094E=01
9:8031E=01]
9 T969E=0]
P 7T908E=01
9o TBATE=G]
G TTETE=0]
9. 772TE-0Q)
9. T668E=01
e TEO9E=01
9, 7551E=01
2 7693E~0]
9e7636E-01
9 7378E~-01



Appendix C

TRANSIENT COMBUSTION BEHAVIOR WITH A DECREASE IN BURNING RATE

In this appendix, a test calculation is shown that was run early in
the program to ensure that correct behavior of the temperature profile
was being attained as the combustion process moves from one steady state
to another in which r¥ < 1. This calculation must be carefully examined
because of the nonanalyticity of the temperature profile at the cold end

in the transformed coordinate system.

In the case considered here, the pressure was reduced from 200 to
150 psia over a period of 10 msec and then then the computer was allowed
to run for an additional 20 msec. At that time the burning rate has very
nearly achieved its asymptotic value and one can compare the numerical
temperature profile with the equation obtained from the transformation
(Eq. (26) of the main body):

r¥ (c1)

Note that y*¥ = 1 corresponds to x = ® and T = T,; what has been printed

0 s
= 0.00
T -T, 1 in

. . LW
order to give some measure of the temperature profile thickness.

out instead opposite y¥ = 1 is the value of x for which

The calculated asymptotic profile from Eq. (Cl) is shown opposite the
last printout; it can be seen that there is no difficulty of the type en-

countered by Merkle, et al.*




JUNE 26 1970
SOLID PROPELLANY TRANSIENT COMBUSTION BFHAVIOR
PU 269

INPUT CONSTANTS
Clz==5 07776492E+00

C2=2 6,36H24580F=01

C3= 3,57458R55E=12
Chzwb ,93449430E=-03

Cé= Y1.,00000000F <00

CP= 4,00000000f-01

CS= 4,00000000F=01

KG= 4,00000000F=04

Nlz 1,00000000E200

N2= 2,00000000F+00

To= 3,00000000fF«02
TFR= 2.82800000E+03
Twk= 8,00000000F«"2
POW= Z,50000000£=02
RHO= 4.00000000F=02
WRL= (.39611342F=132
WRi=s 1.,00000000F=01
KAPPA= 1.00000000E=04
GAMMA= 1.23000020E«00
TSTOP= 3,00000600E=-02
TIMFACSs 10000000000
TCRANGE= 1.02000000F=02
TINME STEP= 1,00000000F-05

LIMIT POINT VELUES
PlLs 6,45228635F+«02
KL= 2,62007004F=01
ALz 1,92793167++01
ALFRAL= Ho,38741423F=n]
EFLz 2,514TB2N0F 08
Ebl= 1.77375374F+058
TFL= 28737181 7¢«03
TWiE B,P5442135(+08
JFLz S.03B52841F 00
NUz 2,28601801F=0]

INITIAL POINY VaLUES
Bos 2,00000000F+02
Rz 1 ,77000C00F=01
Ews §,00000000F+08
EF= 2.37747253F+06
EHz 1.73490978E+0%
TF= 2.45161600F+03
Twz g.14689121F+02
GG= 1,00090909F+03
€5z 1,09040509F«02
A o= 1.Y93865929F <01
ALPHAZ 9.731R3}77E=01

KU 4s31611778E=0n)
2F 1 = 5,11151233F«00

L]

1



SINUSCIDAL RESPONSE
Pez 9,99750000E-01

JUNE 26 1970

Fez 0,
TIME=0
ve X (INe) (T=T0)/{Tw=T0)
0, -0, 1,00000000¢400
2,00000000E=01 1,26069803E=04 B,00000000E«0]
4,00000000E=-01 2,88602047E~04 6,00000000E=01
6.00000000E~01 5.176783B0E=04 4,00000000E=01
8,00000000E~01 9.09286956E~04 2,00000000E=01
1,00000000E+00 3.9026B66CE~03 1,00000000£=03
TIME= 2,00000000£-04
Ye X (INe) (T«T0)/(TW=T0)
9, =0, 1,00000000£400
2,00000000E~01 1,26839058E~04 B8,0026495TF«01
4,00000000E=01 2,90363044E=04 6,00271804E~01
6,00000000E«01 5,20837158E=04 4,00189648E~01
8,00000000E~01 9,14835258E=04 2,00094979E=01
1,00000000E400 3,92650008E=03 1,00000000€~03
pe £e e Re Twe TFe TCe
9,95000E~01  1.00003E400 =~6,30228E~p1 9,93935E=0l 9,99802E=~01 9,99883E.0l  1,00000F+n0
TIME= 4,00C00000E~04
Ye X (INe) (TT0)/ (TWeTO)
0. - 1+00000000E+00
2.00000000E=01 J.27683922E=04 8,0061A398E~01
4,00000000E=0) 2,92297127E=D4 6,00725858E=01
6,00000000E=01 5,24306409E~04 4.00549867€=01
8,00000000E=01 9,20928895E=04 2,00279796E=01
1,00000000E+00 3,95265415€=03 1,00000000€=03
pe £e e Re Twe TFe TC*
9.90000E~0] 1.00025E+00 «=6,28519Ew=nl  9,87358E=01  9,99585E=01 9,99749E«01  1,.00000F+00
TIME= 6,00000000E~04
Yo X (INe) (TeT0)/ (TW=T0)
0. 0. 1.00000000E+00
2.00000000E=01 1,28399548E~04 8,00989416E~01
4,00000000E«01 2,93935355E=04 6,01252728€-01
6,00000000E«0]1 5,27244572E~06 4,01011598E=01
8,00000000E~01 9.26090396E=046 2,00529304E=01
1.00000000E+00 3,97480746E=03 1,00000000E=03
pe E® pAd Re Twe TFe Tee
9,85000E«01  1.,00063E+00 =~6,26847E=0l 9,81856E=01 9,99403Ew01 9.99634E-01 1,00000E+00
TIME= 8,00000000E=04
Ye X (INe) (T=T0)/(TW=T0)
0. -0, 1.00000000E+00
2,000000006=01 1,29012739E=06 8,01370931F~0)
4,00000000E=0)1 2,95339088E=04 6,01817694E=-01
6.,00000000E~01 5,29762910E=04 4,01539777E-01

EFe
9,99756E=01

EF®
9,99506E-01

EF®
9,99258E~01

EH®
9,99897E~01

EH®
9,99734E=01

Ere
9,99675E=01



8,00000000E~01
1.00000000E«00
pe
9,80000E~01

9.30513080E-04

2,00831452€-01

3.99378975€E=03 1,00000000F~03
[ e Re®
1:00112E¢00 =6,25214E=01 9.7718%€E=01

TIME= 1,00000000E-03

Y

Oe

2.00000000E=-01
4,00000000E=01
6.00000000E=-01
8.00000000E~01
1.00000080E+ND

pe
9.75000E~01

TIME= 1,20000000E~03

Yo
e
2,00000000E=01
44,00000000E=n1
6.00000000E=0])
8,00000000E-01
1.00000000E+00

pe
9.70000E=01

TIME= 1,400000008-03

Yo
0.
2,00000000E-01
4,00000000E=01
6,00000000E=01
B.N0000000E=DL
1.00000000E+00

pe
9,65000E~01

TIME= 1,60000000E-03

Y&
0.
2,00000000E=-01
4.00000000E~01
6.00000000E~01
8.00000000E-01
1,00000000E+00

D
9.63000E~01

X (INe) (T=T0)/(TH=T0)

=0 1.00000000E+00
1.29560372E=04 B,01756964E=01
2¢96592743E-04 6.,02406231E~01
5.3201164BE=04 4,02114737€=01
9,344662923E~04 2,01177760E~01
4,01074260E=-03 1.00000000E-03

| el Z# -1
1.0016BE+00 =6,23608E-01 9.73058E=01
X (INe} (T=T0)1/(TW=T0)

=0« 1.00000000E+00
1.30067604E~04 8,02146325€E~01
2.,97753911E~04 6,03011580F-01
5+36094485E=046 4,02724988E-01
9,38121366E=04 2,01561804E-01
4,026444T4E=03 1,00000000E-03

Fe Ze Re
1.00230E+00 «6,22019E=01 9,69264E=01
X (INe) (T=T0)/{(TW=Tn)

“Ue 1.,00000000E+00
1,30549433€E=04 B8,02538634E=01
2,98856926E-04 6.03630198E~01
5.36073013E~04 %,03363395€-01
9e41596592E«04 2.0197R580FE-01
4,043136051E~03 1,00000000€~03

[ e R®
1.00297€+00 =6,20438E~01 9,65686F«01
X (INa) (T=T0) /(TW=T0}

= 1.00000000F+00
1.31014601E=04 8,02933722F=01
2.99921800E~04 6,04259963F~01
Be3T798IIZ5E~04 4.040252226-01
F.44951649E=04 2,02424122F=01
4405576052€~03 1.,00000000F=03

e 24 Qe
1.00366E400 «6,18863E=n1 S.672258E=01

TIME= 1,80000000E~03

Y

X {INs})

(T=T0)/{TW=TQ}

Tue TFe
9,99268E=01  $,99533F~01
TWe TEw
9,99111E=-01 9499441F 01
Tus TFe
9,98983E~01 9,99355Fw01
Twe TFe
9,98863Ew01  9,99273F.01
Twe TF®
9,98748E=01  9.99196Fepl

TCe
1,00000E¢00

TCe
1,00000F+00

TCe
1,00000€+00

TCe
1,00000E+00

TCe
1.00000E¢00

EF e
9,99008E-01

gFe
9.,98756E=~01

EFe
9.98504E-01

EFe
9,98250E=01

EFe
9,97995E=01

EHe
$.99566E=01

EHe
9,99456E=01

EHe
9,993465E=01

EH®
9,99234E~01

EH®
3.,99122E=01



O

2,00000000E=-01
4,00000000E~01
6,00000000E~01
8,00000000E~01
1.00000000E+00

-3
9.550006-01

TIME= 2,00000009€E~03

Ya

0.

2,00000000E~-01
4,00000000E=-01
6.,00000000E-01
8,00000000E~01
1.00000000E+00

pe
9.50000E~01

|
|
|
|
l
|
|
|
|
|
|

TIME= 2,80000000E«02

Yo

[0

2,00000000E=C1
4,00000000E~01
6.00000000E~01
8,00000000E«0)
1.C0000000E+00

pe
7.50000E=01

TIME= 2,82000000E=02

Yo

0. 1.00000000E+00
1.31468373E=04 8,03331476E~01
3.00960584E~04 6,06899457E=01
$,39R46439E=04 4,04707137E-01
9.48224505€-04 2,02895247E=01
4,06980771E-03 1,00000000E~073

[ e R
1,00439E400 ~6,17289€=p1
X (INe) (T=T0)/(TW=T0)

“0e 1,00000000E+09
1.31914123€-04 8,03731805¢=01
3,01981005E~04 6,05547665E=01
5.416T6A14E=04  4,05406685E=01
9.51439505E=04 2,03389369E-01
4408360659E=03 1,00000000F=03

£ r44 e

1.005156400 «6,15715E«n1

X (INe) (T=T0)/(TW=T0)

-0 1.00000000€400
1,46196698E=06 8,22016328€=01
3.30098574E~04 6,38287900E~01
5.92112553E=04 &,46540115€=01
1.04002841E=03 2.41753537E~01
4,46383279E-03 1,00000000£-03

Ee Z» ne
1.05S582E+00 «5.50932E~01
X (INe) (T=10)/(TW=T0)

9,58936E=-01

9,55696E=p1

B8,74290E=01

Twe
9,98635E=01

Twe
9,98525E«01

]
l
|
|
|
I
|
|
|
|
|

Twe
9,95640E=0]

TF»
9.99116E-01

TFe
9,9903%F01

TFe
9,96678Ew01

TCe
1,00000E400

TCe
1.00000E+00

l
l
|
|
|
|
|
|
l
I
|
I

TCe
1,00000€¢00

EFs
9,97739E-01

EFe
9,97481E«01

EFe
9,85892€-01

EHe
9.99009E-01

EM®
9,98896E-01

|
|
|
|
|
|
|
|
|
|
|

ER®
9493702E~01



00

2,00000000E=0}
4,00000000E-01
6,00000000E=01
8,00000000E=01
1,00006000E+00

pe
T«50000E~01

TIME= 2,84000000E=02

Yo
0.
2,00000000E~01
4,00000000E=01
6.00000000E~01
8,00000000E~01
1,00000000Ee00

pe
7¢50000E=01

TIME= 2,86000000E=02

Yo

D.

2,00000000E~0]
4,00000000E~01
6,00000000E~01
8,00000000E-01
1,00000000E400

pe
7:.50000E~01

TIME= 2,88000000E=02

Yo

[

2,00000000E=01
4,00000000E=0)
6,00000V00E=01
8.00000000E~01
1,00000000E<00

13
7.5000VE=01

TIME= 2,9C000000E=02

Y
0,
2.00000000E~0)
4,00000000E~01
6,00000000E~01
8,00000000€-01
1.00000000€400

-2
7.50000E=01

=0, 1.00000000E¢00
144195474604 B8,22016468E=01
3,30095772E=04 6,38288500€~01
5.,9210752TE=04 4 ,466561579E=01
1.060019508E=03 2.41756251E=-01
4,46379490E=03 1,00000000E=-03
E® Ze Re Twe TFe TCe
1.05582E400 =5%,50932E=01 8,74298F=gl 9,95640E=0)] 9.96678F<01  1,00000E¢00
X (INe) (T=T0)/(TW=TO}
0. 1,00000000E¢00
1,464194316E=06 8,22016601E=01
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