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NOMENCLATURE

Definition
Propellant burning rate coefficient.
Specific heat.

Coefficient of variation; i.e., the ratio of the
standard deviation to the mean.

Strain tensor.

Modulus of elasticity.

Thrust,

Statistical confidence coefficient.

Total impulse.

Length of propellant grain.

Mass or ratio of inside to outside radius.

Mass of propellant gases generated per unit time.

Burning rate exponent or number of observations
of a statistically distributed variable.

Pressure.

Burning rate,
Correlation coefficient.
Radius.

Standard deviation of a sample of a statistically
distributed variable.

Square root of the second moment of a sample
distribution about an assumed zero mean.

Burning perimeter,

Time,

viii

Units Used

in/sec-psi"

in-1bf/1bm*F

1bf/in?

1bf

lbf-sec
in.
slugs or

slugs/sec

1bf/in?

in/sec

in.

units vary

units vary

in,

sec.



NOMENCLATURE ‘Continued)

English

Symbol. Definition Units Used

T Temperature in thermoelastic analysis. °R

T. ,T Grain temperature and standard grain temperature, °F

Gr’ "ref
respectively.

X Radial coordinate in thermoelastic analysis. in.

X Value of general statistically distributed units vary
variable.

A Distance propellant has burned from initial in.
lateral surface of circular perforated grain
and from other initial surfaces, respectively.

Greek

Symbol

a Linear coefficient of thermal expansion /°F

8 Volumetric coefficient of thermal expansion /°F

6ij The Kronecker delta (1 when i=j, O when i#j) —_—

A Change or difference in quantity. units vary

€ Strain, —_

n Compressibility. in?/1bf

A Thermal conductivity. in-1bf/in-sec °F

v Poisson's ratio. o

P Density. slugs/in3

o] The standard deviation of a statistically units vary
distributed variable; i.e,, the squarc root of
the sccond moment about its mean value.

o Temperature sensitivity of burning rate at

P constant pressure. /°R

T Thickness. in,



Subscripts

av

c

NOMENCLATURE (Continued)

Average or mean value.

Motor case or compressed state of propellant just outside
the heat-affected zone,

Grain exterior surface position.
Grain exterior surface position or initial condition.
Maximum value.

Unpressurized and unheated state of propellant or in the
thermoelastic analysis the ambient transient condition.

Propellant.

Radial coordinate,
Surface condition.
Steady state
Transient
Propellant web.
Distance burna=d.
Axial coordinate.

Tangential coordinate.



I. INTRODUCTION AND SUMMARY

This report presents the results of research performed at Auburn
University during ihe period October 28, 1975, to September 30, 1976,
under Modificatiuns Nos. 17 and 18 to the Cooperative Agreement, dated
February 11, 1969, betwean NASA Marshall Space Flight Center (MSFC)
and Auburn University. The priuncipal objective of the research was to
further develop techniques for theoretical assessment of solid rocket
motor (3RM) internal ballistic performance to include statistical in-
vestigation of thrust imbalance of pairs of SRMs firing in parallel as
on the booster stage of the Space Shuttle,

The theoretical thrust imbalance of motor pairs has been previously
investigated statistically by application of the Monte Carlo technique
(Refs, 1-3). The results of this investigaticn include a computer pro-
gram which selects sets of significant variables on a probability basis
and calculates the performance cnaracteristics for a large number of
motor pairs using a mathematical model of the internal ballistics. Com-
parison of such a statistical analysis for TITAN ITIC motor pairs with
test results shows the theory underpredicts the standard deviation in
maximum thrust imbalance by 20% with variability in burning times matched
within 2Z (Ref. 1).

The referenced research disclosed a number of ways in which both
nominal and off-nominal performance predictions for single and pairs of
SRMs could be improved. The present report deals with the results of
research to produce these improvements.

Recent efforts by MSFC to describe tirrust imbalance characteristics
to be anticipated in a concise way that would be meaningful for systems
performance studies have indicated that the Monte Carl» program would be
useful for this purpose. Two supplementary computer programs are included
in this report to permit the critical imbalance parameters to be determined
on a statistircal basis throughout the operating times of the SRMs. The
principal critical imbalance parameters are the thrust imbalance and its
first time derivative. Data for these and other parameters of interest;
e.g., Impulse imbalance; arc generated by the Monte Carlo program and
stored on magnetic tape. One program is used to determine the maximum
values of the parameters of interest during specified time periods, The
second program computes statistical tolerance limits as a function of
time based on the Monte Carlo sample. CalComp plots of the parameters
of interest versus time are obtainable for both individual SRM pairs over-
laid on each other and for the tolerance limits. These are illustrated
in the report. Comparison of program results with flight test results
for Titan II1IC are given and show gnnd agreement,

The correlation cocfficients between thrust imbalance and its time
derivative were determined at various times, The results show consider-
able variation in the goodness of the colreclation at various operating
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times. A linear regression analysis shows little generali.ation is
possible as to the relation between these variables at the various
operating times. On the other hand, there appears to be excellent cor-
relation between thrust imbalance and the nominal slope of the thrust
time trace which suggests several alternative approaches to that used in
Refs. 1 and 2 for determining thrust imbalance.

Another portion of this research treats certain effects of grain de-
formation on the internal ballistics of SRMs. The report explains how the
deformation can affect the burning rate of the propellant and account for
a significant portion of the "scale factor" between large and small motor
burning rate, The important factor is the tangential strain of the burn-
ing surface of the piopellant grain. A method developed by Smith (Ref. 4)
has been used to estimate the stroin at various times. The method was
coupled with the design analysis computer program (Ref. 2) to analyze the
effects on internal ballistics for circular-perforated grains. Comparisons
are presented of the internal balilistic results with and without grain
deformation and with actual test data for two different SRMs, The modified
design analysis computer program is listed in the report along with a sample
solution., Variations in the propellant and motor case properties (especially
variation in the propellant modulus) could produce variations in the grain
deformation causing each SRM of a pair to perform differently. However,
further verification of the deformation analysis is in order before the
results are Incorporated into the Monte Carlo program.

A third general aspect of the present investigation is that of changes
ir grain temperatures produced by high strain rates. Previous research
(Ref. 2) indicated that thermoelastic coupling could have a significant
effect upon the grain temperature distribution near the burning surface
during highly .ransient chamber pressurc conditions. This evaluation was
based upon the assumption of a specified fixed surface temperature. How-
ever, during transient conditions the surface temperature is not fixed
but depends upon both the combustion chamber pressure and the thermo-
elastic coupling itself which will alter the heat transfer from the com=—
bustion zone. Also, the previous analysis considered the effect of
surface regression on the energy balance only in an approximate and in-
tuitive way. In the present work, the problem was solved more rigorously.
The surface regression term is included in the evergy equation along with
the strain rate (thernoelastic) term. The surface temperature is cal-
culated by coupling the energy equation with a model of the combustion
zone. This is accompli:iued ucing the Zeldovich-Novozhilov (Z-N) technique
(Ref. 5) which relates the transient heat flux at the surface to steady
state burning rate data. The Z-N mecthod has the advantage over other
approaches considered of not requiring detailed knowledge of the flame
structure which would involve quantities that are difficult to measure,

Solution of the differential equation for the 2nergy balance of the
solid propellant grain subject to the appropriate boundary conditions
yields the temperature distribution and the svurface regression rate, The
solutions are obtained using the numerical technique of Foster (Refs. 2
and 6) applied to a circular-perforated casc-bonded grain of fiaite
length subjected to an increasing chamber pressure.,
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Comparisons are made of the results with and without thermoelastic
coupling. It is concluded from the comparison that the effect of thermo-
elastic coupling is very slight. However, it may not be insignificant,
Additional research is indicated, particularly with respect to possible
viscoelastic effects.

Another facet of intermal ballistic performance variation considered
is the ability to assess the quality of ballistic predictions. It is im-
portant to know the confidence with which the performance or an SRM as a
function of time may be predicted at any phase cf a motor development
program. In general, predictability will improve as more motors of a single
type are manufactured and tested. As shown in this report, the Monte Carlo
program provides an approach to assessing the degree of predictability
both for single SRMs and pairs at various phases in the development pro-
gram. However, further investigation has shown that it may prove impractical
to obtain the type of desigu and manufacturing data necessary to establish
predictability by this method.

The final portion of the report identifies additions and other changes
that have been made to the two computer programs listed in Ref. 2: the
Monte Carlo program and the design analysis program. Each change is
identified by page number and line, as listed in Ref. 2. The changes are
for the most part refinements in analysis or program logic. A few minor
errors in the programs have been found and corrected. The most extensive
addition is the improvement of the use of tabular values for burning sur-
face area during tailoff in the Monte Carlo program. This had been
accomplished earlier for tne design analysis program.



II. THF MONTE CARLO EVALUATION OF PERFORMANCE PARAMETERS

The ability to predict the thrust imbalance between a pair of SRMs
firing in parallel, such as on the Space Shuttle or Titan IIIC, as a
function of time is essential to the total vehicle system design. To do
this with a reasonable deg.ze of accuracy without large scale testing
programs has obvious economic advantage. As has been discussed in Refs.
1-3, the Monte Carlo technique provides a reasonably accurate and economical
means of predicting the performance variations of pairs of SRMs. In the
present work, the utility of the Monte Carlo program has been extended to
permit further evaluation of performance parameters. The Monte Carlo tech-
nique is used to generate, as in Refs. 1-3, the performance of a theoretical
population of motor pairs. Provi<ion has now been made, however, for the
data generated by the Monte Carlo program to be in the form of a magnetic
tape containing the thrust imbalance versus time data for each SRM pair.

The changes to the Monte Carlo program necessary to produce the tape are
listed in Section VI of this report.

The tape generated by the Monte Carlo program may be analyzed with
respect to certain critical performance characteristics by the use of two
new computer programs described in this section of the report. Such an
analysis 1s extended for a sample case to a separate investigation of
statistical correlations for a number of sets of peiforsnance parameters.
As is discussed, one particular correlation may have important general
practical application.

The Imbalance Analysis Computer Programs

Because of the various possible applications for the statistical
analysis of the thrust imbalance versus time data and to maintain a certain
amount of generality, the analysis was done in two parts.

The objective of the first part of the analysis wa<, given any time
interval during which the motors are firing, to determine the mean value and
the standard deviation about this mean of the absolute value of the maximum
thrust imbalance and of the time within thc prescribed interval when this
thrust imbalance occurs. This is calculated using a data search routine
which is compatible with thr data tape generated t; the Monte Carlo pregranm.
The same calculations were also made for the time rate of change of thrust
imbalance within the prescribed time interval.

The computer program for the analysis of imbalance data during specified
time intervals is listed in Appendix A. A sample of the computer output is
shown in Table II-1. In addition, computer generated plots may be made by
superimposing curves representing the thrust imbalances and thrust imbalance
rates for cach motor pair of the population. This feature is quite useful
in deterndning the limits and general behavior of the imbalances for a
particular population of motor pairs. An example of this graphical output
is given in Figure IT-1. The latter example is bascd upon a tape of the

by
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Table II-1. Sample printout for time interval imbalance analysis computer program.

THIS 1S TIME INTERVAL NUMBER 1

THERE ARE 30 SETS UF DATA FOR THIS TIME [NTERVAL

THIS TIME INTERVAL BEGINS AT C.0 SECS AND ENDS AT 100.00 SECS

THE ABSOLUTE VALUE UF THE MAXIMUM THRUST TMBALANCE FOR MOTOR PAIR NUMBER 148
THIS IMAALANCE CCCURS AT 7.82 SECS

THE ABSOLUTE vALUE OF THE MAXIMUM THRUST IMBALANCE FUR MOTOR PALR NUMBER 218
THIS [MAALANCE OCCURS At de99 SECS

THE AdSULUTE VALUE OF THE MAXINMUM THRUST [MBALANCE FOR MOTUR PAIR NUMBER 30 18
THIS IMAALANCE CLCURS AT 1.97 S¢&CS

THE AJ3SULLTE VALUE OF THE MAX[MUM THRUST [MBALANCE OUKRING THIS TIME [NTERVAL 1S
THIS IM3ALA%NCE SCluds AT 8.04 SECS

THl MEAN vALJE UF
THE S3SOLUTE VALUE OF THE MaXIMUM THRUST [MBALANCE OURING TriS TIME INTERVAL (S

THE STANCARD DEVIATICN CF
THE AdSILUTE VALUE OF THE MAXIMUM TRRUST IMBALANCE DURING THIS TIME INTERVAL IS

e MEAN VALUE OF THt TIME FOR THIS [MBALANCE 1S 22.89 SECS
THE STANDARD VEVIATICON UF THE TIM: FUR THIS [MBALANCE (S 38.106 SECS

THE ABSJLUTE VALUE UF THE MAXIMUM THRUST IM3ALANCE RATE FOR MOTOR PAIR MUMBER
THIS IM3ALANCE RATE CCCUAS AT 0.23 SECS

THE ABSCLUTE VALUE OF THME MAXTMUM THRUST IMBALANCE RATE FOR MOTOR PAIR NUMBER
THIS IM3ALANCE RATE CCCURS AT Q.22 SECS

THE ABSULUTE VALUE OF THE MAXIMUM THRUST [MBALANCE RATE FOR MOTOR PALR NUMBER
THIS IMBALANCE AATE CCCURS AT Ve24 SECS

THE ABSOLUTE VALUE OF THE MAXIMUM THRUST IMBALANCE RATE FOR MUTOR PAIR NUMBER

1.5609¢C 04 LOF

2619€E 03 LOF

T.9540€ 03 LOF

3.4408E 04 LUF

L.0337€ U6 L&F

T«0T395E 03 LOF

1 1S 7.0064E 04 LOP/SEC
2 15 0.5780E 03 LOF/SEC
3 1S 1.40018 06 LBF/SEC

4 18 D.2373E 064 LOF/SEC

—S-
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Figure II-1. CalComp plot of thrust imbalance versus time from
0 to 100 scecs. for 30 pairs of thecoretical Titan
ITIC SRMs,
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performance of 30 pairs of Titan IIIC SRMs prepared using the input values
described in Table 2 of Ref, 1.

Any number of intervals may be specified for analysis. Also, similar
data is obtained as output for the absolute value of the maximum impulse
imbalance and the times at which they occur. The absolute impulse imbalance
is defined by the relationm,

t

@r), = lrl-rz |dt (11-1)
[}

where F; and Fy are the thrusts of the two motors of a pair. The maximum
absolute impulse imbalance clearly occurs at the last tabulated time point
within the interval.

The objective of the second part of the analysis was, given any time
during which the motors are firing, to determine the statistical limits of
the thrust imbalance and the first time derivative of the imbalance. 1In
this analysis these limits are taken to be thso, where s_ is the second
moment of the distribution about an assumed zeéro mean and is the two-
sided tolerance factor determined by the size of the sample being considered
and the specified probability that a specified percentage of the distribution
will be included within the limits. A separate data search routine is
used to make these calculations and the results are presented in the form
of computer generated plots. These plots determine a statistical imbalance
envelope for the population. Sample plots are shown in Figures 1I-2 and
II-3 based again on the 30 Titan IIIC pairs. Table II-2 illustrates the
computer printout for this data. The computer program used for the time
slice analysis is listed in Appendix B.

The second program also generates data similar to that described above
on impulse imbalance and absolute impulse imbalance. In the case of the
absolute impulse imbalance the upper limit is taken as x + K1s where Kj is
the onc-sided tolerance limit, s is the sample standard deviation, and
x is the true mean because the + Kps, limits would have little significance
in this case.

In order to establish the validity of this analysis, a comparison
was made between a sample of 30 Titan I11IC SRM pairs obtained from the Monte
Carlo program and data furnished by MSFC on 21 Titan IIIC flight tests.
Figure II-4 shows that good agrecment was obtained. Another comparison
was made between 30 Space Shuttle type SRM pairs from the Monte Carlo
program and the contractor's preliminary predicted imbalance envelope (Ref.
7) during web action time. This comparison also showed good agreement with
regard to the shape of the envelope as can be seen in Figure II-5, In-
dividual SRM pair results are shown in Figure 1I-6 for the period 0 to 105
seconds for the Monte Carlo evaluation. The contractor's prediction was
based on the estimated 3 sigma spread between matched motors considered
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possible in throat erosion rate, delivered specific impulse, burn rate,

and propellant weight, The combination of the variations produced a 2.0%
burn time differential which is high with respect to the 0.85% differential
predicted by the Monte Carlo program. We attribute the difference in the
two results primarily to the much higher burn rate difference (Cy=0.42%)
used by the contractor with respect to that used in the Monte Carlo program
(Cy=0.06%) .

Correlation of Thrust Imbalance with Thrust Imbalance Rate

For possible use in systems performance analysis, the correlation
between thrust imbalance and its first time derivative was investigated at
various operating times, This was done for both algebraic and absolute
values of the variables using the data from the Monte Carlo program for the
30 pairs of theoretical Titan ITIC SRMs, At each of the 20 time points
considered the correlation coefficient r. between the variables was de-
termined. The results are given in Figure II-7, Also, a linear regres-
sion line was establisted for each time point. The slopes and intercepts
of the linear regres:ion lines are listed in Table II-3.

Examination of the results shows that there is a better correlation of
the algebraic values than the absolute values in the region from 10 to 8C
seconds, but the correlation coefficient for the algebraic values changes
sign shortly before web time (107 seconds). Both the algebraic and abso-
lute values show poor correlation during the 15 seconds preceding and
excellent correlation for the 15 seconds following web time, The varying
characteristics of the regression lines at the various time points prevent
further generalization of the rcsults.,

It is possible that better correlation might be obtained by examining
the relationship between thrust imbalance at one time and the thrust im-
balance rate at a slightly earlier time. Such correlations have not been
attempted because the potential applications of such works have not developed
as originally anticipated. However, the analysis has suggested correlations
between other variables which may have important consequences as discussed
below.

Correlation of Thrust Tmbalance with Nominal Thrust Rate

Investigation of the correlation between thrust imbalance and nominal
thrust-time trace characteristics have revealed some interesting results.
The mean of the absolute values of thrust imbalance at a given time was
found to have a correlation coefficient of 0.976 with the cbsolute value of
the nominal slope of the thrust-time trace at the same time, This 1is
based on analysis of the previously discussed Titan IIIC Monte Carlo data.
A similar correlation of the standard deviation of the absolute values of
thrust imbalance with the nominal slope of the thrust-time trace gives a
sample correlation ~oefficient of 0.954. Figures ITI-8 and 9 are scatter
diagrams for the variables. When the thrust imbalance was correlated with
both thrust slope and thrust, the correlation was not significantly im-
proved.
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Results of correlation and regression analysis of Monte Carlo
thrust imbalance and thrust imbalance rate for Titan IIIC SRMs
(AF = b AF + c).

Algebraic Values Absolute Values
Time(sec) b c b c Te
0.5 -0.6900 -179 -0,0774 1.1291 8il4 0.1590
10.C -74.5114 -2895 -0.8109 50.6067 3871 0.49C5
20.0 -59.8190 -1872 -0.9242 56.6595 528 0.7763
30.0 -7.9085 -3215 -0.8043 3.3994 4329 0,4001
40.0 -70.3361 =241 ~0.9054 6.0127 1434 0.7739
50.0 -90.7287 -820 -0.8476 67.9270 1960 0.6126
60.0 -147.0134 ~463 -0.5535 | 101.9460 4138 0.3736
70.0 -101.8451 171 -0.8339 88.4369 1603 0.6678
80.0 -54.3596 -412 -0.8092 44,2926 1659 0.6154
90.0 -46,6494 -1049 -0.5239 46,2998 2862 0.5319
100.0 -53.3827 -992 -0.5424 47.8907 3028 0.4708
100 - -4.5988 -232 -0.2110 3.6304 5542 0.2421
10 -0.0436 1187 -0.0907 -0,0171 4989 -0.0526
103.0 0.5521 3362 0.7057 0.5111 4803 0.6596
104.0 0.7497 13709 0.7070 0.3391 22439 0.3124
105.0 1.2287 3778 0.4265 0.8371 42578 0.4449
106.0 -27.8496 2534 ~0.9731 26.9581 2929 0.9324
110.0 -21.2082 1279 ~0.9858 21.1880 273 0.9651
120.0 ~7.4078 -141 ~-0.9863 7.4302 -i23 0.9670
125.0 -0.5615 3520 -0,3174 0.2900 4899 0.1642
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The nominal slopes of the thrust-time trace were determined by
computiag the mean of the slopes for the 60 SRMs at each time point.

It should be noted that the 20 time points on which the latter cor-
relations vere based were not randomly selected; they were selected to
cover all portions of the trace for the previous analysis of the relation-
ship between thrust imbalance and imbalance rate. Although the time points
were not selected with a knowledge of the values of the present variables
of interest, the manner of selection introduces a question on the random
nature of the variables (thrust imbalance and thrust slope), so that further
investigation of the correlation should be accomplished before attempting
additional statistical analysis. However, it appears that there is a
strong relationship between the variables in questionm.

The relationship between the thrust imbalance and the slope of the
thrust-time trace has at least two important potential applications. The
first can be accomplished only if the regression analysis proves to be
general, that is, it must be shown that it is reasonable to expect that the
same regression line fits all SRMs or at least members of a family of SRMs.
If it does, the thrust imbalance predictions could be based directly omn
the slope of the trace of a new SRM without Monte Carlo evaluation. Also,
although it has been shown (for Titan IIIC's, at least) that the Moante
Carlo program gives reasonable representation of the SRM pair imbalance, it
would be a logical step to test the correlation directly against actual
performance dxzta. This suggests a second application - that of using the
regression analysis to establish imbalance scaling relationships between
different SRMs. The regression analysis for the Monte Carlo program would
be compared to that for the actual moror to establish the scaling relation-
ship. The result would then be applied to a regression analysis of a Monte
Carlo evaluation for a new SRM (e.g., the Space Shuttle) to establish the
imbalance limits for the new SRM pairs. This could be done whether or
not the same regression line fics the two types of SRMs. Investigation of
these applications is beyond the scope of the current research.



II1I. EFFECT OF GRAIN DEFORMATION ON INTERNAL BALLISTICS

The circular-perforated (c.p.) portion of the grain of an SRM of the
Space Shuttle type may deform as much as 1.2 inch in the radial direction
under pressurization from the chamber gases. At a 30-inch bore radius,
this results in as much as a 42 increase in the initial burning perimeter
of the grain bore. This can affect the chamber pressure and the apparent
burning rate of the propellant. The effects will decrease as burning of
the propellant web progresses because the displacement of the burning
surface relative to its unpressurized positinn will decrease. The ability
to quantitatively assess these particular effects of grain deformation on
internal ballistics should improve predictability of performance of indi-
vidual motors, especially for the first motor of a new design where the
"gcale factor" on burning rate is uncertain.

Analysis of Grain Deformation Effects

The underlying hypothesis on which the ballistic effects of the grain
deformation is based is that at fixed pressure the regression rate r_of
the pressurized propellant surface just beneath the heat-affected
zone is independent of the state of strain. To show that this is plausible,
first consider the burning perimeter of a sector of solid propellant. The
burning perimeter consists of a thin zone (liquid and/or solid) in which the
physical properties are degraded to a state where the propellant develops
negligible shear stresses. Therefore the regression rate of this zone (r )
should be independent of the precise state of strain calculated just benedth
the degraded zone which will be somewhat thinner than the solid phase heat-
affected zone. The concept needs experimental verification, but appears
consistent with the known features of the solid-gas transition region.

In the present analysis, it is assumed the thermoelastic coupling
discussed in Section IV on this report is absent. Thermoelastic coupling
may possibly alter the depth of and the temperature distribution within
the heat-affected zone and thereby make burning rate semnsitive to strain.
However, as discussed in Section IV, it is expected to be significant only
during highly transient conditions; i.e., during ignition and very rapid
depressurization.

If we now consider a control surface (See Fig. III-1) separating the
region of degraded propellant from the remaining propellant, a quasi-steady
state mass balance across the heat-affected zone, which for the purpose of
this analysis is considered of zero thickness, yields

r, = rmpm/ppc (111-1)

where o is the density of the degraded propellant and p__ 1is the density of
the unheated propellant just outside the heat-affected zBRe. It is apparent
that T and P, are pressure dependent but should not depend on the state of
strain underneath the degraded surface. Also, when as in the principal case
of interest here, Poisson's ratio v is close to 0.5, it is intuitively clear
and may easily be shown that the density of the unheated propellant can be
expressed as a function of pressure (and modulus) only since

(1+e1_) (1+e:9) (1+cz) = [1-P(1-2v)/E)3 (111-2)

-20-
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Figure 1II-2, Grain geometry notation for analysis of solid-
propellaat strains. The insulation and liner may
be considered a part of the propellant.
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vhere ¢ is strain, P is pressure, E is modulus of elasticity and 6, r and 2
refer to the tangential, radial and axial directions, respectively. Thus
Eq. III-1 should govern the burning rate of the propellant regardless of

the state of strain and r 1is a function of pressure only (for fixed

fnitial grain tempetatutecand erosive burning characteristics).

Next, the effect of the deformation on internal ballistics is examined.
We consider only a circular-perforated grain for which ¢, 1s independent of
the tangential coordinate at one axial position. The mass generated per umit
time per unit length at the control surface separating the heat-affected
zone of the propellant from the unheated propellant is given by

mg/t = S (<)o v M[1-P(1-20) /E) [14a(T ~Tp )] }3 (111-3)
vhere S is the burning perimeter, a is the linear c...fficient of thermal
expansion and the subscript o refers to the unpress: rized and unheated
(reference grain temperature) state of the propellant. The approximation
of Eq. ITI-2 has been used in Eq. III-3 to determine the effect of pressur-
ization on the unpressurized density, and that density has been further
modified for the small effect of thermal expansion between the standard
temperature TRef at which density is measured and the actual grain tempe-
rature T .
Gr

A second modification of customary ballistic analysis is the way the
time At required to burn an increment Ay normal to the surface is calculated.
The usual relationship is

At = Ay/ro (I11-4)

where r 1is the burning rate deduced from strand burners or small ballistic
test mofors modified with a "scale factor" reflecting the estimate of the

change in burning rate between the strands or test motors and the SRM under
consideration. The comparable equation to Eq. I1I-3 used with Eq. III~4 is

mG/l = sppporo (111-5)
For the present we disregard any scale factors and devise an appropriate re-
lationship for At in terms of Ay and r applicable to the deformed grain
problem. First, nmote that the r should be the rate at which the unpres-
surized and unheated propellant ?egresses because the Ay is to be used for
further computations of surface area as an increment of undeformed propellant.
Next, it is assumed that the changes in length (%) of the graim produced by
pressure and thermal loading are negligible. As shown in Ref. 4, longitud-
inal (axial) grain strain due to pressurization is on the average over the
length of the grain approximately a half order of magnitude less than

the corresponding tangential strains. The axial strains are negative while

the tangential strains are positive. Although a quantitative assessment

has not been made, when heating of the surface of the propellant is considered,
the axial strain at the point of interest; i.e., just beneath the heat-affected
zone, will become less negative because of the restraint of the unheated
propellant to the expansion of the heat-affected propellant. 7iis will de-
crease the extent of any change in length of the propellant retative to the
increase in perimeter over that due to pressurization alone.
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Referring to Fig. III-1, we obtain from a mass balance between deformed
and undeformed propellant

ppo Solr° = ppc So£(1+ee)tc (111-6)
or
= /{[1-P(1- - 3 -
r, T, (1+ee)l{[1 P(1 Zv)/E][lh(TGr Tref)]} (111-7)

The same result may also be obtained by direct combination of Eqs. III-3 and
III-5. With this L Eq. III-4 then applies to the deformed grain situation.

Data to give r are obtained from ballistic test motors or strand
burners. As previoﬁsly noted, no scale factor is considered. Indeed, it
is suggested that the grain deformation may account for a significant
portion of the scale factor. The strands are under essentially a state of
hydrcstatic compression. The same is very nearly true for the typical
ballistic test motor because of the rigidity of the relatively thick cases
and the relatively thin webs. It should be recalled that r_ should be inde-
pendent of the state of strain. However, the burning rate Sf small test
motors (or strands) is deduced by dividing the undistorted web thickness
(or strand length) by time. Therefore, to determine r , the regression rate
of the propellant surface just beneath the heat-affect&d zone of the SRM,
the test motor (or strand) rate must be reduced by the multiplying factor
[1-P(1-2v)/E]}. The r , of course, is subject to the usual laws governing
its relationship with€initial grain temperaturc, pressure and velocity (erosive
burning).

Simplified Determination of Grain Deformation

For a first analysis of the effect of grain deformation on internal
ballistics, a simplified model of the deformation was developed., We are
concerned for the present only with the modification of the internal burning
surface of a circular-perforated grain for which it has been shown that the
important parameter is the tangential bore strain ¢_,. The ¢, will change
as burning progresses and also will vary in general with axial position.
Smith (Ref. 4) working under the direction of this project has shown that
as an approximation the ¢, may be considered independent of axial position.
Smith extended the method used by Vandenkerckhove (Ref. 8) for calculation of
grain stresses in case-bonded propellant with rigid motor cases to the
calculation of propellant strains in non-rigid motor cases. His results for
tangential strains at the bore are given by

Epee/Pi = {[14m® + vp(l—m2 - 2m2vp)]/(1—m2)}
2_ —m2 -
+(Pe/Pi){[2(vp 1)/(1-m<)] + EpRe%)vc/Ecrc} (111-8)
vhere Pe is the radial stress at the propellant-case interface as given by
= 2¢1~, 2 -m2 - -
P /P, = [2m2(1 v, 2/ (1-m MI/MIER (1 vcvp)/Ectc] v, (v .)

+ (1-vp2) (14m2) / (1-m?)} (111-9)
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Here the geometric notation is given by Fig, III-2, P; is internal pressure,
v is Poisson's ratio and E is modulus of elasticity. The subscripts p and
¢ refer to the propellant and motor case, respectively. Details of the
analysis are given in Ref. 4.

Smith compares results for tangential, radial and axial strain with a
more exact solution obtfained using a computer program devised by Brisbane
(Ref. 9). The two solutions for the tangential strain are illustrated in
Figs. III-3a and b for a 140-inch diameter motor segment 300 inches long for
various web thicknesses. The results are given in non-dimensional form and
are applicable to motors of various sizes with the same ratios ty/Rq, To/Re
and 2/R.and material properties. Study of Figs, III-3a and b shows that the
simplified solution, which assumes the same strain at all axial positioms,
in general, overestimates the strain with respect to the more exact solution.
The worse case is at the largest web thickness to outside radius ratio (TAU/RO).
Here, the strains calculated by the two methods are within 307 over two-thirds
of the grain length and the comparison improves rapidly with decreasing web
thickness (increasing distance burned). It should be noted that the strains
calculated by both Refs., 4 and 9 are those due to pressure loadings only.
Expansion of the propellant in the heat-affected zone will tend to produce
additional tension of the solid surface just outside the heat-affected zone
(the surface of interest). This will compensate somewhat for the apparently
excessive strains calculated by Eq. ITI-8.

We feel that the approximate analysis is adequate for a first approach
to analysis of the described effect of deformation on internal ballistics.
It will permit rapid calculation of the bore strains fer various configura-
tions, material properties and distances burned. Additional investigation
performed by the authors under this project using the program of Brisbane
shows that tangential bore strain, the quantity of primary importance in the
analysis, is changed by less than 57 by solid-phase thermal gradients so
that thermal effects may be neglected in this first analysis. The reason
the thermal gradient changes the tangential bore strain so little is that
the gradients are confined to only a very thin zone at tiic surface. The
bulk of the strain is due to pressurization of the entire propellant web,

Modification of the Design Analysis Computer Frogram

The design analysis computer program of Ref. 2 has been modified to
permit computation of the internal ballistics with the deformed grain. The
program is listed in Appendix C along with instructions on preparation of
new input data cards and a sample problem solution.

Bore deformation of c.p. grains or grain segments is evaluated by the
simplified approach discussed earlier. Only deformation of the internal
burning surface of c.p. grains or segments is considered. The calculation
of the deformations of the ends of c.p. grains and star grains is a formid-
able task. Any solution would appear to be inconsistent with the simplified
analysis of deformation and internal ballistics being presented and well
beyond the scope of the present research. The design analysis treats the
ends of c.p. grains and star grains with an unmodified burning ratio. This
is accomplished by computing a separate burned increment Ay' applicable to
c.p. grain ends and the entire star grain. The Ay' (computer symbol YETA)
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is related to the Ay applicable to the c.p. grain lateral surface by the
equation

Ay' = Ay{ [1+P(1—2vp) /Ep] [+a(T, T 1) 3/(1+e o (111-10)

The Ay' thus calculated gives the regression of the star grain surfaces and
ends of the c.p. grain in the same time increment that the c.p. lateral
surface regresses a distance Ay. The modification of the bore surface of
the c.p. grain due to deformation is accounted for in the mass generated
equation by the use of the program variable XETH which is the fraction of
the total burning bore surface associated with the c.p. grain. The factor
(1 + XETH*ETHETA), where ETHETA = €4, multipli2s the undeformed total burn-
ing bore surface area when the deformation option is elected by setting
IS0=1, The program will calculate the internal ballistics without grain
deformation when IS0=0, The program changes that have been made in the
design analysis of Ref. 2 to permit the alternative computations are identi=-
fied by the symbol » in the left-hand margin of the listing. Also, the
modifications of the desigr analysis program discussed in Section VI of
this report have been incorporated into the program listed in Appendix C.

In modifying the program, it was found convenient for the purposes of
minimizing the number of modifications and fer preserving the ability of
the program to make calculations with no deformation te change the usage
of SUMAB in the program. Before the modification (or presently when 1S0=0)
SUMAB represents the surface area at a given distance y burned normal to
the entire surface. With the modification (when ISO=1) because of the
difference between y and y' the SUMAB represents the area at a distance y
burned over a part of the surface and y' over another part. This creates an
error in the calculation of the weight of propellant burned (WP2) which is
obtained by integration of SUMAB with respect to 7 alone. Therefore the
calculation of WP2 should be disregarded when 1S0=1. To calculate WP, the
arithmetic average of WP2 and the weight of propellant burned (WP1l) calcu-
lated from the mass discharged rate, the program now sets WP2=WP1l when ISO=1.
Comparisons of weights calculated by the two methods can still be made by
comparing WPl calculated with IS0=1 with WP2 calculated with IS0=0. The
latter is stili a valid calculation for total weight of propellant burned
even with grain deformation. Also comparisons have been made for the two
sample cases discussed next and the WPl is not significantly different
for 1S0=0 and 1SO=1.

Comparison of Theoretical and Experimental Results

To test the validity of the hypothesis regarding the effect of grain
deformation on internal ballistics, the modified program was used to pre-
dict the performance of two entirely difrerent rocket motors and the
results compared with actual performance data. In eech case the burning
rate used to predict the performance was that obtained from ballistic test
motors or strand ourners; no scale factor was applied.

The first comparison made was for a Titan IIIC/D configuration. The
basic input parameters used for the prediction are those given by the mean
values in Table 2 of Ref. 1 with the following exceptions: The propellant
density had been changed to 0.06325 1bm/in3 because additional data on this
has become available. The strand burning rate coefficient obtained from a
number of batches of propellant loaded into the same SRM (No. D5) for which
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the comparison is to be made was used for the prediction. The burning rate
coefficient used (0.06466 with no scale factor) was deduced from Ref. 10,
Five burning slot faces were assumed in the program calculations. A table
of tabular values was prepared so that the burning surface areas calculated
by the unmodified program more nearly match the known geometric surface
versus distance burned characteristics of the Titan IIIC/D configuration
over web action time. Aft-end closure propellant surface representation
was included in the tabular values.

Propellant and motor case properties used in the analysis of the de-
formed propellant grain are given on Fig. III-4. The figure is a comparison
of the program results for aft-end stagnation chamber pressure versus time
with and without deformation and with the results of analysis of actual test
data given for Titan IIIC/D motor number D5, in Ref. 10. This particular
motor was selected because its performance is more or less typical of the
Titan IIIC/D and because of availability of strand burning results on the
same propellant loaded into the large motor.

A similar comparison of theoretical and experimental results was made
for the Castor TX354-5 SRM. This is a 31-in. dia. motor with an entirely
c.p. slotted gra‘n which is described in detail in Ref. 11. The SRM is
also described briefly in Ref. 12 where input parameters applicable to an
early version of the design analysis program are identified., A complete
listing of input values for the modified design analysis is given in Table
C-1 of the present report where the Castor motor is used as a sample problem
to illustrate use of the program. The input values differ from those used
in Ref. 12 because of the program changes that have been made and beczuse
we have improved our representation of the grain geometry, particularly with
respect to use of tabular values. Again, t'::. burning rate coefficient used
has no scale factor between the Castor motor and the small ballistic motor
data from which the coefficient was deduced. Vacuum thrust results are
compared (See Fig. III-5) for the Castor motor. The vacuum thrust results
for the actual motor were based on analysis of static test results and are
tabulated in Ref. 11 as typical performance values., The strand burning
rate data is also typical but are not otherwise identifiable with the
specific large motor.

Analysis of the two comparisons shows that the theoretical predictions
are substantially improved by consideration of the deformations. Additional
comparisons are needed to confirm the efficacy of the new model, Modifica-
tion of cther parameters can also make improvements in prediction possible.

A prime example is the use of the buraing rate scale factor. However, the
scale factor is most often applied without specific theoretical justification
and usually is only accurate after data on actual SRM firings has been ob-
tained. On the other hand, the deformation effect has a basis in theory. If
it can be further validated, it will not only by itself improve prediction
capabilities but also clear the way for more accurate assessment of other
specific ballistie phenomena such as erosive burning and nozzle throat erosion.
¥or example, consider the discrepancy between the prediction with grain defor-
mation and the test results for the Titan IIIC/D. It is obvious that the
areas under the two traces are not the same. This is suggestive of a differ-
ence between the nozzle throat erosion rate used in the theoretical prediction
(time independent, pressure and size dependent) and the actual erosion rate.
The application of a scale factor to the theoretical burning rate coefficients
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would not improve the area discrepancies and would mask the true throat
erosion and/or buildup phenomena.

Variations in the propellant properties used in the deformed grain
program can affect the results. Likewise variations between SRMs of a
pair firing in parallel can contribute to thrust imbalance. As shown
in Ref. 4, the effect of propellant modulus is especially important.
However, additional ccafirmation of the deformed grain model, preferably
including direct exper‘mental verification, should be obtained before
the effaect is _acorporated into the Monte Carlo program.

Equations III-3 and III-7 which give the basic burning rate theory of
the model may also be coupled to more rigorous descriptions of the grain
deformation and/or more rigorous models of the other aspects of internal
ballistics than those used in the modified design analysis program.



IV. THERMOELASTIC ANALYSIS

The problem to be discussed in this scction is the effect on the
solid propellant burning rate produced when heat is generated by mechanical
deformations of the solid propellant. The basic theory and the numerical
solution procedure used in the thermoelastic analysis as well as the
results which have been obtained are presented.

The basic formulations and concepts associated with the coupling
between thermal and mechanical loadings can be traced to the work of
Duhamel (Ref. 13). Other early investigators include Lord Kelvin (Ref. 14)
and Joule (Ref. 15). It was Duhamel who developed the relationships used
to express the distribution of strain in a body subjected to differential
heating.

Basic Theory

Consider a small element of an isotropic elastic solid subjected to
an arbitrary stress which is removed from its surroundings and subjected
to a temperature change, AT. The additional strain in the element is given
by the tensor BAT8;,/3, where 8 is the coefficient of volumetric expansion
and Gij is the Krongcker delta. From this it follows that if the strain
tensor is originally given by ejj, then the new strain tensor would be
ejj - BATS43/3 and this would be the strain used in the constitutive rela-
tion. The effect of a nonuniform temperature distribution becomes equiva-
lent to that of a body force per unit volume, given by - (8/n)V(AT), n
being the compressibility and V the gradient operator. Thus, once AT is
known from the solution of the heat conduction problem, the system of
equations for the displacement field is fully defined. As can be seen,
this approach postulates the effect of the temperature gradients on the
state of strain, but assumes that the heat transfer is totally unaffected
by the state of strain. This result is upheld rigorously when the medium
is in mechanical and thermal equilibrium, but its application to time
dependent problems is not satisfactory. However, Duhamel and Neumann do
suggest that a term proportional to 3ryp/9t, the rate of change of dilatation,
be included in the heat conduction analysis. The present work investigates
this term's effect on a thermoelastic analysis, and in turn, on the pro-
pellant burning rate.

Much effort has been expended in recent years to obtain solutions for
problems involving thermomechanical coupling. This has been due, at least
in part, to the necessity for structural amalysis of bodies subjected to a
nonisothermal, transient temperature distribution. One of the better ex-
amples of a body subjected to this type of loading is the solid-propellant
rocket motor. The general analytical formulation of the problem is well
known and can be found in various publications, of which Ref. 16 is typical.
The prcblem to date has been obtaining solutions for problems whosc geometry
and loading conditions, both thermal and mechanical, are sufficiently general
to be of practical interest.

-32-
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Several approaches appear to be suitable for analyzing problems in-
volving thermomechanical coupling. The first possibility is that of ob-
taining analytical solutions of the governing equations. There have been
several such solutions in the literature in recent years. However, the
approach to now has been severely limited as to choice of geometry, loading
and boundary conditions, The second possibility utilizes the finite element
method and entails the approximation of the full set of the governing,
coupled, nonlinear partial differential equations by a set of nonlinear
algebraic equations which are then solved numerically. This finite element
method is considerably more flexible than the first approach with regard to
the variety of geometries, loading and boundary conditions which can be
treated and has been applied to several classes of problems. However, this
nonlinear finite element method also appears to be somewhat limited due to
the comnlexity of solving large numbers of simultaneous nonlinear algebraic
equations. Also added complexity is introduced if it is desired to investi-
gate the effect of nunlinear material properties (except for materials

which obey relatively simple mathematical laws), arbitrary loadings, and
boundary conditions.

A third possibility is to approximate the transient nonlinear solution
by & series of linear solutions. In this approach the variable, time, is
included in what basically can be described as a time stepping procedure.

At each time step, the initial thermal and mechanical states are establiched
based oa the conditions which are specified either by a direct input or by
the conditions which existed at the end of the preceding time step. The
solution then proceeds by obtaining the temperature distribution in the body
for the given thermal loading. The therral load may include applied tem-
perature distributions on the external boundaries and/or at points within
the body, heat flux through the boundaries, and convective heat sources (or
sinks) distributed throughout the body. The internal heat sources are
particularly important since they are used to account for the coupling
phenomena. The solution then proceeds by using the computed temperature
distribution as an input to the stress analysis portion of the computatiomal
procedure, Determination of the deformations, strains and stresses due to
the combined loading is then made. Once this is done for a particular time
interval, the coupling term, which is a function of the material prcperties
(vhich may be functions of temperature), the local temperature, and the local
strain rate, can be evaluated. With this information the computation then
proceeds to the next time step where the coupling term is included as an
intermal heat source in the heat transfer analysis.

This third approach, the one used in this research, appears to eliminate
most of the problems associated with arbitrary time dependent loadings,
temperature dependent material properties, and also some of the numerical
computational problems associated with the nonlinear finitc element method
described above. This reduces the numerical computation difficulty because
the problem is now formulated as a set of linear algebraic equations. The
main objection to this approach is obviously the linear modeling of a non-
linear problem. However, if the mathematical modeling of the geometry,
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the loading, the material properties, and the time step is done carefully,
this method is sufficiently reliable for the solution of a considerably
larger group of problems than was heretofore practical.

The work presented here is restricted to axisymmetric bodies. This
does not imply a restriction of the method, but is made because of the
applicability to the problem at hand.

Problems in thermoelasticity require not only the solution of the
equations of elasticity, but in addition those equations necessary to
describe the thermal state of the body being analyzed. In many problems
the thermal state can be sufficiently defined by determining the distribution
of temperature throughout the body and also any changes in this distribution
with respect to time. Quite often as in the present work it is convenient
to obtain the temperature distribution from the conservation of energy
equation. The discussion which follows will be primarily concerned with
the energy equation since it is the equation which will be used to determine
the influence of the thermoelastic coupling on the propellant burning rate.
The elasticity equations are not presented because they are used in a more
or less classical manner.

As in Ref. 2, the conservation of energy equation for a control volume
moving with a velocity r(t) with respect to an observer situated on the
boundary (x=0) of the control volume and modified to account for volumetric
heat release or absorption within the solid phase is

3T/t = r(t) 3T/3x + (A/oc) V2T - TaE e/[pc(1l-2v)) (1v-1)

where x is measured radially outward from the surface, € represents the sum
of three translational strain ccmponents at the point under consideration,
and the entire last term represents the heat dissipated by elastic deforma-
tions.

The two terms which are »f particular interest in the present analysis
are the first and last terms on the right-hand side of Eq. IV-1. As mentioned
above, the last term represents the contribution of heat from the elastic
deformation of the body and can be calculated directly if the instantaneous
local temperature is known as well as the time rate of change of the trans-
lational strain components. Once the initial temperature and strains are
prescribed. the temperature at any point within the control volume at any
time is obtained from the solution of Eq. (IV-1). The strain rates can then
be calculated at any instant of time once the mechanical load is prescribed
as a function of time. Hence, with regard to its calculation, the thermo-
elastic coupling term offers very little difficulty.

On the other hand the first term on the right-hand side of Eq. IV-1
requires that the instantaneous value of burning rate be calculated. Ome
might initially propose that the burning rate r(t) could be easily obtained
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from the pressure ?(t) which is required for the thermoelastic term by ex-
tending the "standard" burning rate law for steady-state burning to the
transient problem as

r(t) = a P(t)® (1v-2)

However, as pointed out in Ref. 5, the instantaneous burning rate r(t) may
differ greatly from that obtained from a steady-state analysis due to a
highly complex heat feedback mechanism between the various regions in and
near the combustion zone. Therefore, it is necessary to construct a model
to account for this thermal feedback mechanism in order to properly
evaluate r(t).

One such model for determining the transient burning rate developed by
Zeldovich and Novozhilov, referred to as the Z-N model, is described in Ref.
5. The present work uses this model to evaluate r(t) which is then in-
corporated into the conservation of energy equation. As in Ref. 5, the Z-N
method uses measured steady-state burning rates as a function of pressure
and ambient temperature. This data is then used to construct the heat feed-
back function from the gas to the solid in the proper instantaneous form to
be used to study transient burning problems. The assumption which is made
to allow use of steady state data is that the rate processes in the gas phase
and at the propellant surface can be considered quasi-steady in the sense
that their characteristic times are short compared to the pressure transient.
The validity of this assumption is demonstrated in Ref. 5. What develops
from this is that the steady state heat flux and the transient heat flux
have the same functional form, which is written for the transient problem
as

A(3T/3x) =r pc(Ts - To) (Iv-3)

surface

where Tg is the instantaneous solid surface tempcrature and T, is a
fictitious temperature which exists infinitely far from the solid surface.
Now, assuming the pyrolysis law to be of the Arrhenius type

T, = - Es/[RP.n(r/AS)] (Iv-4)

and the empirical expression for r in terms of p and T, to be given by

r=a pnexp[ﬂp(To - Tref)] (IV—S)
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where op is the temperature sensitivity coefficient at constant pressure,
which for this work 's expressed as a linear function of pressure by

o) = 1.1 x 10~ P + 6.9 x 10~* (IV-6)

One can solve simultaneously Eqs. IV~l, 4, and 5 to obtain the unknowms
T, Ts and To.

Numerical Solution Procedure

The finite element method as used in this study is based on the work

" of Becker and Parr (Ref. 17). The basic program used for the firite
element analysis is that of Brisbane (Ref. 9) and is primarily an extension
of that given in Ref. 17. The method used is also quite similar to that
given by Wilson and Nickell (Ref. 18).

The use of the finite element method involves the division of the region
of interest into a number of subregions which normally have a relatively
simple geometric shape. Usually a polygon is used for two-dimensional prob-
lems and quite often triangles are used. In this work the problem is axisym-
metric and a circular ring element with a triangular cross-section is used.

A typical element is shown in Fig. IV-1l. The subregions, or elements, are
connected at discrete points called nodal points. These nodal points are
usually at the corners of the polygon as will be the case in the present work.

For the heat conduction problem a simple relationship for temperature
and its first derivative as a function of position within the element is
assumed. One of the more common assumptions and the one made here is that
both temperature and its first derivative are linear functions of position
within the element., Hence, for the axisymmetric problem the temperature and
its gradient can be written as

T(x,z) = C, + Cyx + CJz (Iv-7)

1

and

3T(x,z) /9t = 04 + Csx + Cﬁz (1v-8)

It should be noted that T(x,z) and 3T(x,2z)/3t are considered to be evaluated
at a particular time; e.g., t = t*, and hence, no explicit time dependence
is expressed in the above equations.

Once this approximation has been made, it is substituted into the basic
field equations which describe the heat transfer process. The result is
a set of linear algebraic equations, the unknowns of which are the temper-
atures which exist at the nodal points.
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Figure IV-1. Typical finite element for axisymmetric problem.
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Basically the same procedure is used for the elasticity problem except
that the displacements are approximated instead of the temperature. Another
linear approximation is used for the displacements. This approximation is
then substituted into the field equations for the elasticity probiem and a
set of algebraic equations is obtained for the nodal point displacements.
These nodal displacements are used to evaluate the constants in the linear
displacement assumption which is then appropriately differentiated to obtain
the strains at a particular time.

It is now appropriate to examine in more detail the computational pro-
cedure which is used and the manner in which the coupling between the thermal‘
and mechanical loading as well as the burning rate term are introduced into
the numerical computational process. The solution technique consists of
solving separately the energy equation and the elasticity equations at each
time ctep. Outputs from each are then used as inputs to the other, thereby
forming a closed loop computational scheme. The calculation of the tem-
perature dependent term which appears in the stress-strain relations is
cormon to both the uncoupled and coupled solutions. It is calculated from
the apparent element termperature which is obtained from a geometrical
weighting of the four nodal point temperatures which are computed in the
heat conduction part of the analysis.

The computation of the thermoelastic coupling term which appears in
the energy equation, Eq. IV~1l, requires some knowledge of the deformation
history of the body in order to compute the strain rate. For the work pre-
sented here it is only necessary that the state of strain at time, t - At,
and at time, t, be known, where At is the time incremeat between steps.
This requires that the strain components for each element be retained at
the end of each time step. The old values are then replaced by the new
state of strain which is then used in the next time step. The initial
strain has been taken to be zero, but no significant problems arise if a
non-zero initial strain condition is used. For an isotropic body, the
thermoelastic coupling term in Eq. IV-1 involves only the dilatational
components of the strain tensor. The axisymmetric solution requires that
three strain components be known for each element. However, the coupling
term in Eq. IV-1 contains the sum of the three dilatational components so
that only the trace of the strain tensor nced be retained for each element.
This results in a considerable saving of computer storage. The strain rate
for each elerment can then be computed by taking the difference between the
trace of the element strain tensor at time, t - At, and at time, t, and
dividing by the increment At. The resulting linear approximation is then
transferred to the heat conduction analysis. The remaining variables in
the coupling term involve the temperature and material properties of the
element. The temperature is known from the calculations described above
and the material properties are either prescribed constants or are given
in tabular form as a function of temperature. If the material properties
are given as constants, a direct substitution is made and the coupling term
is evaluated directly. If the material properties are given in tabular form,
a linear interpolation routine is used to obtain values not given in the
table.
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The term containing the burning rate requires that the 2-N model be
used to evaluate the instantaneous burning rate r(t) based on the existing
surface temperature at the end of each time step. The burning rate term
is then added to the heat balance for each element. The heat flux at the
surface is computed using Eq. IV-3 and this becomes the heat flux boundary
condition for the next time step.

The numerical example presented here is a simulated ignition of a
large SRM. The motor is modeled as a straight circular perforated grain
with an initial bore diameter of 60 inches and a web thickness of 40 inches.
The grain is encased in a 0.5-inch thick steel case. The motor is subjected
to a time dependent increase in pressure on the bore and end surfaces,
but burning is allowed in a direction normal to the bore surface only. The
variables in the analysis are assumed to be distributed symmetrically about
the motor centerline.

Finite element model

It is well known that solid propellants are extremely good insulators
and that the heat-affected zone of a burning propellant is of the order of
about 10 mils., The finite element model is constructed to analyze this
region with reasonable accuracy. A schematic of the finite element model
is shown in Fig, IV-2, Finite elements with a radial thickness of 1 mil
are used for the first 20 mils of the propellant web (Steady state tem—
perature profiles show that this will more than adequately cover the heat-
affected zone under most normal operating conditions). The remaining web
is modeled using finite elements which have a radial thickness of approx-
imately 10 inches. The steel case is modeled by two elements 0.25 inches
thick. The vertical dimension of each element is 10 inches. The coarse-
ness of the grid in the vertical direction is justified because the vari-
ables under consideration (i.e., temperature, displacements, strains, etc.)
do not have gradients in the vertical direction. To further refine the
numerical calculations, each rectangular cross section element described
above is subdivided into four triangular elements of the type illustrated
in Figure IV-1,

As the propellant regresses, a new finite element grid is constructed
at each time step. The first 20 mils of the propellant is always modeled
by elements of the size described above. The remaining elements, except
those associated with the steel case, become decreasingly small as the
web thickness diminishes. This is done to assure that the same degree of
accuracy is maintained with regard to the propellant in or near the heat-
affected zone.

Initial conditions

The initial conditions are prescribed as: 1) no initial strains exist;
2) an initial uniform pressure exists over the entire propellant surface;
3) the initial temperature distribution corresponds to that which would
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exist if the propellant were burning under steady state conditions at the
existing pressure. The equation for this distribution is

T(x) = [Ts(pi,To)-To]exp[- (xpcr/))) + T, (Iv-9)

where T is taken to be the initial propellant bulk temperature; 4) the
initial®heat flux at the burning surface is obtained using steady state
values in Eq. IV-9,

Boundary conditions

The boundary conditions are: 1) The propellant and case remain bonded
together, but the propellant-cas: assemblage is unconstrained; 2) the
temperature of the bore surface at any instant of time is uniformly dis-
tributed: 3) only the bore surface i- subjected to the heat flux calculated
from Equation IV-3 (i.e., the eads of the propellant are assumed to be
insulated); 4) the pressure at any instant of time is uniformly distributed
over both the bore surface and the ends of the propellant. The pressure
Increases exponentially according to the relation

P=P - (Pmax~Pi)exp[-§it/(Pmax-Pi)] (IV-10)

Numerical Results and Discussion

The numerical results presented here show how the propellant burning
rate is affected by thermcelastic coupling and also how these effects are
modified when certain parameters are varied. The results do not represent
a detailed parametric study but are presented to show the general influence
of certain parameters.

For comparison purposes, a '"baseline" case was established as a
reference for making comparisons. Table IV-1 shows the basic data used
for the baseline analysis. The results obtained for the baseline example
are shown in Table IV-2 for 50 milliseconds. The time period chosen is
sufficiently long to allow the dynamic effect on burning rate to decrease
to within a few percent of the quasi-steady state rate and, as can be seen
in Table IV-2, the influence of thermoelastic coupling on the dynamic rate
has practically vanished. The notation for burning rate in Table IV-2
and in later tables, Yggos Tt)w/o and rt)w represent the quasi-steady state
rate, transient rate without thermoelastic coupling and transient rate with
thermoelastic coupling, respectively. This table indicates that the influence
of thermoclastic coupling is present but that its siinificance with regard
to burning rate decreases very rapidly with time,
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Table IV-1. Baseline example data.

Burning rate coefficient (a) .03783 in/sec—psin
Burning rate exponent (n) .35

Pyrolysis law (Eq. IV-4) constant (As) 882.28 in/sec
Activation energy (Es) 28800 BTU/1lb-mole
Thermal conductivity (}) 5.1 x 10~% BTU/sec-in~°R
Density (p) .063657 1bm/in?
Specific heat a constant volume (c) .24 BTU/lbm-°R
Modulus of elasticity (E) 550 psi

Linear coefficient of thermal expansion (a) 5.27 x 10-5/°R
Poisson's ratio (v) .499

Initial pressurization rate (ﬁi) 14000 psi/sec
Initial ambient pressure (Pi) 14.7 psi

Maximum chamber pressure (Pmax) CCO psi

The first parameter to be varied is the pressurization rate. This is
done by charging the initial pressurization rate used in Eq. IV-10 from
14,000 to 28,000 psi/sec. T~ results obtained for this example are shown
in Table IV-3,

The effect on the significance of the .hermoelastic coupling produced
by changing the pressurization rate can be seen in Fig, IV-3, This figure
shows the logarithm (base 10) of the absolute value of the percent difference
between the transient rate without thermoelastic coupling and the transient
rate with thermoelastic coupling for both the increased pressurization rate
and baseline examples as a function of time. As can be seen, increasing
the pressurization rate has a significant effect on the thermoelastic phenom-
ena. This result is consistent since the thermoelastic term in Eq. IV-1 has
a strain rate factor which is proportional to the pressurization rate.

The second parameter altered was the elastic modulus of the propellant,
Not only does the elastic modulus affect the strain and hence the strain
rate, but it is also a multiplying factor in the thermoelastic term of
Eq. IV-1, The elastic modulus was changed from 550 to 2,000 psi. This
change is somewhat arbitrary, but it is known that a propellant does exhibit
a considerably higher effective elastic modulus under rapid loading condi-
tions. The results obtained for this example are shown in Table IV-4, Note
that rgg and rt), s, arc the same as in Table IV-2, since these values are
not affected by the elJastic modulus,

The effect of this change on the thermoelastic coupling is shown
in Fig. IV-4., which is again presented as the logarithm (base 19)
of the absolute value of the percent difforzuce between the
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Table IV-2, Results for baseline example

Time Tss rt)w/o rt)w

(msec) (in/sec) (in/sec) (in/sec)
1 1223 1122 .1122
2 .1403 .1430 .1398
3 .1546 .1820 .1795
4 .1666 .2153 .2140
5 .1770 .2386 .2379
6 .1864 .2563 .2559
7 .1948 .2703 .2706
8 .2024 .2813 .2812
9 .2095 .2900 .2900
10 .2160 .2969 .2969
11 .2222 .3023 .3023
12 .2279 . 3065 .3066
13 .2333 , 3098 .3100
14 .2384 .3125 .3127
15 .2433 . 3146 .3156
20 .2643 .3214 .3224
25 .2815 . 3259 .3268
30 .2959 . 3304 .3311
35 .3082 .3350 .3357
40 .3189 .3399 . 3404
45 .3283 . 3449 .3453
50 .3367 . 3449 .3502
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Tabl2 IV-3. Results for modified pressurization rate example.

Time Tas rt)w/o r;)w
(msec) (in/sec) (in/sec) (in/sec)
1 .1403 .1122 1122
2 .1666 L1675 .1510
3 .1864 .2452 2270
4 2024 . 3004 .2946
5 .2160 .3271 .3249
6 .2279 .3493 .3479
7 .2384 .3631 .3629
8 .2479 .3724 .3729
9 .2565 .3779 .3789
10 .2643 .3808 .3822
11 .2716 .3821 .3837
12 .2783 .3823 .3840
13 .2846 .3819 .3837
14 .2904 .3813 .3830
15 .2959 .3807 .3823
20 .3189 .3787 . 3800
25 .3367 .3790 .3800
30 .3508 .3810 .3818
35 .3622 .3840 . 3847
40 .3716 .3875 .3881
45 .3794 .3913 .3918
5C .3859 .3952 . 3957
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Figure IV-3, Comparison of results with increased pressurization
rate to bascline example.
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Table IV-4, Results for modified elastic modulus example

Time Tss rt)wIO rt)v
(msec) (in/sec) (in/sec) (in/sec)
1 .1223 1122 1122
2 .1403 .1430 .0930
3 1546 .1820 .1308
4 .1666 .2153 1777
5 1770 .2386 .2211
6 .1864 .2563 2424
7 .1948 .2703 .2650
8 .2024 .2813 .2785
9 .2095 .2900 .2890
10 .2160 .2969 .2972
1 2222 .3023 .3036
12 .2279 .3065 .3086
13 .2333 .3098 .3125
14 .2384 3125 .3156
15 .2433 .3146 .3180
20 .2643 .3214 . 3249
25 .2815 .3259 .3290
30 .2959 .3304 .3329
35 .3082 .3350 .3371
40 .3189 .3399 .3416
45 .3283 .3449 .3463

LA
(=]

.3367 .3499 .3510
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transient rates with and without coupling for both the baseline and
modified elastic modulus examples. The effect of a larger modulus is

very similar to that of an increase in pressurization rate. For this
example, the effect i; significantly larger than for the increased pres-
surization rate. Tr.is should not be taken to mean that the influence of
the elastic modulus is more significant than that of the pressurization
rate, A much more detailed study would be required to draw any conclusion
with regard to the relative importance of these two parameters,

Indeed, many other parameters which affect both the burning rate and
the thermoelastic coupling should be subjects of future parametric studies.
Among these would be the constants in the burning rate law and the appli-
cation of the burning rate law over a wide range of temperatures. The
coefficient of thermal expansion is also subject to the local temperature
and state of strain. The experimental data required regarding the varia-
tion in the coefficient of thermal expansion under the conditions which
exist during the firing of a solid rocket motor has not been found. Two
other parameters which deserve consideration are the thermal conductivity
and Poisson's ratio. The conductivity influences the depth of the heat-
affected zone and hence the heat iransfer feedback mechanism. Poisson's
ratio could significantly affect the state of strain if it were much less
than 0.5,

Many of the parameters discussed above would require a considerable
experimental effort to determine the behavior of these variables under the
conditions evperienced during the firing of a rocket motor. However,
considerable data is available for the elastic modulus with regard to thermal
and mechanical loading conditions. Hence, future efforts should first be
directed toward incorporating a more rigorous model of the modulus including
the influence of both the thermal state and loading rate.

In summary, a model has been constructed to analyze the influence of
thermoelastic coupling on propellant burning rate during transient operating
conditions. The analysis utilizes a model of the combustion process which
is derived from steady state burning rate data and which is more readily
applied than some other models considered such as presented in Ref. 19 which
require a more detailed model of the flame structure. Examples have been
presented vhich show that the thermoelastic coupling does produce a small,
but significant, effect during the initial portion of an ignition process.
The results show that increasing the rate of pressurization and/or increas-
ing the elastic modulus increases the thermoelastic effect. Several
variables are mentioned as possible candidates for a rigorous parametric
study and/or experimental research; in particular, the propellant modulus.



V. PERFORMANCE PREDICTABILITY INVESTIGATION

In designing an SRM it is important to establish the limits within
vhich the performance of the SRM may be expected to be at all points in
its operating time. These limits will be more narrow when the quality of
the prediction is higher. Poor predictability yields broad limits which
in turn lead to conservatism and inefficient, uneconomical designs. The
problem addressed here is how to assess the degree of predictability so
that limits can be set with confidence.

The quality of a ballistic prediction is degraded by two general
failings: 1) model inadequacies and 2) uncertainties of basic materials
and dimensional characteristics used to evaluate the model. Examples of
model inadequacy include inability to model exactly ignition transients
and even equilibrium burning rate as a function of all pertinent variables.
Likewise, for non-homogeneity of chemical species and, to a lesser extent,
grain temperature. Even the dimensional specifications are often not
portrayed precisely; e.g., the ovality of a nominally c¢.p. grain and the
eccentricity of the grain bore with respect to the motor centerline. Al-
though the modeling is constantly being improved, it must be admitted that
all ballistic models leave much to be desired.

For examples of the second general shortcoming of ballistic analysis
vhich degrades predictability, uncertainties of basic material and dimen-
sional characteristics, we have only to consider such parameters as burning
rate, throat erosion, propellant density and again, mandrel ovality and
misalignment. These and many other parameters are subject to processing
and manufacturing variations. Now, although the statistical variation of
these variables about some mean value may generally be deduced from pre-
vious motors, for any particular design the mean valve itself is a matter
of some uncertainty until a number of motors have been built and tested.
The uncertainty in general decreases with each additional firing. This
explains why the predictability limits become narrower with additional
motors tested. The problem here is to identify quantitatively the degree
of predictahility for all points in time in the development program. Per-
haps the predictability of the first motor should be stressed; however,
because it influences the basic design which may be impractical to change
later.

Application of arbitrary safety margins to allow for deviation from
predicted performance could, of course, lead o either overly conservative
or unsafe designs either of which is undesirable. The Monte Carlo program, on
the other hand, provides an approach for establishing limits on performance
on a logical probability basis.

Reference 2 shows how the Monte Carlo program can be adapted to permit
statistical variation in mean values from motor to motor as well as statis-
tical variation about the mean value. To evaluate the effect of the uncer-
tainties on the limits of performance, it is only necessary to ascribe to
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each variable a variability (e.g., a standard deviation for a normal dis-
tributed population) of its mean value corresponding to that deduced from
experience onother programs. This variability will identify the
uncertainty of the corresponding variable. Each variable may also be
assigned distributions corresponding to more or less well established
variations about the shifting (uncertain) mean values. After evaluation
of a large number of motors selected on a probability basis in the manner
of the Monte Carlo program, the performance limits versus time are estab-~
lished. The uncertainties can be adjusted to obtain predictability limits
at various times in the development program as more information of the mean
values is obtained. Also, both pair and individual motor population per-
formance variations may be determined.

It is customary in ballistic predictions to adjust the constants in
the burning rate relation used to obtain improved predictability as data
from firings is obtained. The improvement is often dramatic. The improve-
ment may actually be due to adjustment for inadequacies of the burning
rate coefficient. This suggests that model inadequacies may at least
partially be treated as uncertainties in the approach outlined here. Care
must be taken, however, in deducing values for uncertainty from previous
programs to segregate those that are due to actual variation in input
parameters from those that are due to model inadequacies.

Unfortunately, it now appears impractical to obtain the data necessary
to establish uncertainties of any type as our queries of industry and
government sources and survey of the literature reveals. It is most
difficult to recover documentation on what values of a specific variable
were used in an original design calculation versus those that were later
established to be more valid in various stages of the development and
production programs. This is the type of information required for the
suggested predictability assessment.

So our efforts to find a better way to establish predictability limits
have proved somewhat abortive. Nevertheless, we have recorded the basic
approach in the hope that it gives impctus to acquisition and documentation
of more detailed statistical data on design and manufacturing variables.



VI. CHANGES TO PREVIOUS COMPUTER PROGRAMS

In this section, changes to the two computer programs listed in the
Appendices to Ref. 2 are given. Each change is listed separately and
identified with a page and line number counted from the top of the page.
Brief explanations of the reason for each set of changes are also given,

The changes are for the most part refinements in analysis or program logic.

A few minor errors in the design analysis program have been found and are
corrected herein. The most extensive change is the improvement of the use of
tabular values of burning surface area during tailoff in the Monte Carlo
program. This was accomplished earlier for the design analysis program.

+ The specific modifications are given in the form of new or revised
cards. The cards should be punched beginning with column 7 except that state-
ment numbers are punched to end in column 5 or unless otherwise noted. The
card numbers given are for reference to the MSFC and Auburn University program
iistings only. Numbers for cards that have been deleted are marked with an
asterisk. Modifications Nos. 1 through 15 apply to the Monte Carlo program
and Nos. 16 through 22 to the design analysis program.

Modification No. 1 - Card No. 00087050

Purpose: To eliminate statistical analysis for single motors.
Add card between lines 6 and 7 p. 89:
IF(NRUNS.EQ.1) STOP

Modification No. 2 - Card Nos. 00169800 & 00170000

Parpose: To permit use of fractional number of slots.

Change line 24 p. 106 to:

501 FORMAT(6X,F10.3,3X,F10.2)

Change line 26, p. 106 beginning in card column 6 to:

1.3,/,13%, 'XT20= ',F7.3,/,13X,'S= ' ,F6.2,/,13X, 'THETAG= ' ,F8.5,/,13

Modification No. 3 - Card Nos. 00077400*% & 00077500*

Purpose: To eliminate instability in mass balance iteration during
tailoff near transition pressure (PTRAN).

Delete lines 6 and 7 p. 87
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Modification No. 4 - Card Nos. 00069900 & 00070000

Purpose: To eliminate occasional instability in mass balance iteration
caused by too small a distance burned increment at web time

Change line 27 p. 85 to:

IF(Y.GE.ANS.AND KOUNT.EQ.0) DELY-ANS—Y£3D+0.0S*DELTAY
Change line 28 p.85 to:

IF(Y.GE.ANS .AND.KOUNT.EQ.0) Y=ANS+0,05*DELTAY

Modification No. 5 - Card Nos. 00004400, 00174400, 00005100, 00045800%,
00045900% , 00046000*, 00084750

Purpose: To improve accuracy of calculation of action time; i.e.
time at which specified low tnrust level is reached during
tailoff.

Add to line 28 p. 107 and line 44 p. 71:

» FPLOT
Add to line 3 p. 72
,FPLOT(999)

Delete lines 26, 27 and 28 p.80.

Insert between lines 31 and 32 p. 88:

¥

W ;\
CALL INTRP1(TPLOT,FPLOT,IPT,ATF,ATFAT,1)

Modification No. 6 - Card Nos. 00061950, 00061951, 00061952, 00062000

Purpose: To eliminate unnecessary caliculations when there is no
erosive burning.

Add 3 cards between lines 43 ~ad 44 p. 83:
3 IF(ALPHA) 131, 13z, 131
132 RNOZ=Q*PNOZ**N
GO TO 4

Change statement number on line 44 p. 83 from 3 to 131:
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Modification No. 7 — Card Nos. 00002600, 00106800, 00044651, 00075000,
00075300, 00075301, 00075900, 00075901, 00115850,
00115851, 00115900, 00114150, 00114151, 00114200,
00163150, 00164000, 00075600

Purpose: To improve logic of the use of tabular values of burning
surface area during tailoff.

Add to lines 26 p. 71 and 18 p. 93:
»ABTT
Add between lines 14 and 15 p. 80:
ABTT=0.0
Change line 30 p. 86 to:
SUMAB=ABMAIN+ABTT
Change line 33 p. 86 (continuation card recuired) to:

SUMAB= (1.+SUMDY/ZW-DELYW/ (2.*ZW) ) *ABTO- (SUMDY/ZW-DELYW/ (2.*
ZW) ) *ABMAIN+ABTT-ABDIF1

Change line 39 p.86 (continuation card required) to:

SUMAB=(1.-SUMDY/ZW+DELYW/ (2.*ZW) ) *ABMAIN+(SUMDY/ZW-DELYW/ (2 .*ZW))
*ABTO+ABTT-ABDIF1

Insert 2 lines between lines 12 & 13 p. 95:
YB=Y
IF(K.EQ.1)Y=YB-SUMDY/2.
Prefix line 13 p. 95 with statement number: 91
Insert 2 lines between lines 43 and 44 p. 94:
IF(K.EQ.2) GO TO 91
IF(K.EQ.1) Y=YB
Change line 44 p. 94 to:
IF(YT.LE.Y) GO TO 8
Insert between lines 5 and 6 p. 105:

ABTT=ABPT+ABST+ABNT



-54-

Add to lines 14 and 18 p. 105:
-ABTT
Change line 36 p. 86 to:

SUMAB=ABTO+ABTT
Modification No. 8 -~ Card Nos. 00081450, 00081550, 00104950, & 00104951.

Purpose: To provide printout to indicate DPOUT and XOUT limits have
been exceeded if appropriate,

Insert between lines 46 and 47 p. 87:
IF(ABS(DPCDY) .GE.DPOUT) WRITE (6,1890)

Insert between lines 47 and 48 p. 87:
IF(Y.GE.XOUT) WRITE(6,1891)

Insert 2 lines between lines 41 and 42 p. 92:
1890 FORMAT (' DPOUT LIMIT EXCLEDED')
1891 FORMAT (' XOUT LIMIT EXCEEDED')

Modification No. 9 - Card Nos. 00185151, 00185152, 00191651, 00191652,
00196550, 00196551

Purpose: To output imbalance data to tape (see Section II).
Insert 2 lines between lines 39 and 40 p. 109 and 8 and 9 p. 111:

WRITE(8,99999) NX

WRITE(8,99998) (TPLOT(I),FDIFF(I),IDIFF(I), IADIFF(I),I=1,NX)
Insert 2 lines between lines 9 and 10 p. 112

99998 FORMAT(4E16.9)

99999 FORMAT(110)
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Modification No. 10 - CardNos, 00007402, 00014002, 00015202, 00015951,
00030700, 00030800

Purpose: To allow card input of radial grain temperature gradient,
Insert between lines 26 and 27 p., 72:
IREAD=3
Insert between lines 44 and 45 p. 73 beginning in card colummn 1:
c * 2 FOR CARD INPUT OF TEMPERATURE GRADIENTS x
Insert between lines 8 and 9 p. 74:
IF(ITEMP.EQ. 2)IREAD = 5
Insert between lines 15 and 16 p. 74:
IF(ITEMP.EQ. 2) ITEMP = O
Charge lines 19 and 20 p. 77 to:
READ (IREAD, 3700) TUBULKO, TBULKE

2700 READ (IREAD, 3700) (YTAB(ITAB),TrABA(ITAB),TTABB(ITAB),
TTABC (ITAB),

Modification No. 11 - Card Nos. 00031300, 00031500, 00032800, 00036950,
00039500, 00077100, 00098900, 00099700, 00099701

Purpose: To permit user to specify the extiaguishment chamber pressure
(PEXT) and the grain reference temperature (TREF). See
also Modification No. 13 for other necessary changes for TREF.
Add to lines 25, 27 and 40 p. 77 and line 11 p. 79:
,PEXT ,TREF

Insert between lines 33 and 34 p. 78:

c * PEXT IS THE PRESSURE AT WHICH THE PROPELLANT
EXTINGLISHES *

Change line 3 p. 87 to:
IF(PONOZ.LE.PEXT) GO TO 25

Add to line 29 p. 91 inside closing parenthesis:

,6X,F10.2,6X,F10.2



Add to line 36 p. 91 inside closing parenthesis (additional continuation
card required):
./’13x’ 'PEXT' ',FGIZ’,.13X, 'TREP ! .F6 52

Modification No. 12 - Card Nos. 00077000, 00077010, 00077020, 00079100

Purpose: To improve logic of mass balance iteration during tailoff
Change line 2 p. 87 to:
22 IF(PBAR.LT.PTRAN) DPCDY = PBAR*DADY/(1.-N1)/ABAVE
Insert 2 lines between lines 2 and 3 p. 87:
IF(PBAR.GE.PTRAN) DPCDY = PBAR*DADY/(1.-N2)/ABAVE
PONOZ = PONOJ+DPCDY*DELY
.. ~ee line 23 p, 87 to:
4. CONTINUE
Modification No. 13 - Card Nos. 00036960, 00048300, 00046100, 00055000,
00058200, 00060500, 00077600, 00048500, 00048700,
00048800, 00048900, 00049000, 00049600, 00049700,
00055200, 00055300, 00055400, 00055500, 00055900,
00056000, 00058400, 00058500, 00058600, 00058700,

00059100, 00059200, 00060700, 00060800, 00060900,

000610G5, 00061400, 00061500, 00077800, 00077900,
00078000, 00078100, 00078500, 00078600

Purpose: To allow user to specify a grain refercice temperature (TREF)
See also Modification No. 11.

Insert between lines 33 and 34 p. 78:
c * TREF IS THE DESIGN TEMPERATURE OF THE GRAIN *
Change 00.0 in the following places to TREF:
Line 3, p. 81; line 29 p. 80: line 22 p, 82; line 6 p., 83; line 29
p. 83; line 8 p. 87; line 5 p. 81; lines 7, 8, 9, 10,
16 and 17 p. 81; lines 24, 25, 26, 27, 31 and 32 p. 82;

lines 8, 9, 10, 11, 15 and 16 p. 83; lines 31, 32, 33, 34,
38, and 39 p. 33; lines 10, 11, 12, 13, 17 and 18 p. 87.
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Modification No. 14 - Card Nos. 00179500, 00179520, 00179540, 00196553

Purpose:

To create a tape containing the thrust versus time data for
each SRM. The data is written on unit 9 and the appropriate
job control cards must be provided for this unit. This
modification was accomplished to obtain nominal trace
characteristics for statistical correlation of thrust im-
balance with nominal trace characteristics (See Section II).

Change line 21 p. 108 to:

2 WRITE(9,99999) NP

Insert 2 lines between lines 31 and 32 p. 108:

WRITE(9,99997) (TPLOT(I),FPLOT(I),I=1,NP)

NP=NP+2

Insert between lines 9 and 10 p. 112 after Modification 7 insertion:

99997 FORMAT(2E16.9)

Modification No. 15 - Card Nos. 00012200, 00012500, 00012600, 00012700,

Purpose:

00013900

To improve clarity of option descriptionms.

Insert line 26 p. 73 between OVALITY and ANALYSIS:

OR NON-AXISYMMETRIC THERMAL

Change description line 29 p. 73 to:

FOR PLOTS, TABULAR OUTPUT AN) STATISTICAL ANALYSIS

Change description line 30 p. 73 to:

FOR TABULAR OUTPUT AND STATISTICAL ANALYSIS

Change description line 31 p. 73 to:

FOR PLOTS AND STATISTICAL ANALYSIS

Change description line 43 p. 73 to:

FOR TAPE INPUT OF TEMPERATURE GRADIENTS

See also Modification 17 (between lines 44 and 45 p. 73)
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Modi fication No. 16 - Card Nos. 00030200%, 00030300%, 00020451, 00020452,
00020651, 00020652, 00020653, 0C020700

Purpose: To correct error in calculation of burning rate coefficients
Ql and Q2 which occurs with input of grain temperature
gradients,

Remove Q1 and Q2 equations, lines 15 and 16 p. 158, and insert same
between lines 13 and 14 p. 156.

Insert 3 lines between lines 15 and 16 p. 156:
IF(ITEMP) 10005, 10006, 10005
10005 Ql=A1*EXP(PIPK*(1l.-N1)* (TGR-TREF))

Q?2=A2*EXP (PIPK* (1.-N2)*TGR-TREF) )
Change line 16 p, 156 to:

10006 IF(XT.LE.0.0)GO TO 40

Modification No., 17 - C.rd Nos., 00032151, 00032152, 00032153, 00033154,
00032200

Purpose: To eliminate iteration for burning rate when there is no
erosive burning.

Insert 4 lines between lines 34 and 35 p. 158:
3 IF(ALPHA) 131,132,131
132 IF(PNOZ.LE.PTRAN) RNOZ = QIl*PNOZ**N1
IF(PNOZ.GT.PTRAN) RNOZ = Q2 DPNOZ**N2
GO TO 4
Change statement number on line 35 p. 158 from 3 to 131

Modification No. 18 - Card Nos. 00037300 & 00037400

Purpose: To eliminate occasional instability in mass balance iteration
at web time which occurs when y (DELY) increment just prior
to begirning of tailoff is toc small.

Add to lines 38 and 39 p. 159:

+0,05*DELTAY
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Modification No. 19 - Card No. 00045100*

Purpose: To eliminate ingtability in mass balance iteration dvring
tailoff when the chamber pressure crosses the transition
pressure PTRAN,

Delete line 20 p. 161.

Modification No. 20 - Card Nos. 00045000, 00045010, 000435020

Purpose: To correct error in selection of N2 and N1 when PTRAN is
crossed during tailoff

Change line 19 p. 161 to:
IF(PONOZ.LE.PTRAN) Q2=Q1

Insert 2 lines between lines 1Y and 20 p. 161:
IF(PONOZ .LE.PTRAN) N2=N1
RNOZ=Q2*PONOZ**N2

Modification No. 21 - Card Nos. 00124800, 00124900, 00125000

Purpose: To allow the plotting of additional data pointis so that the
user may use smaller y increments.

Change 200 to 999 throughout lines 6, 7, and 8 p. 178.

Modification No. 22 - Card Nos. 00019810, and 0C020600

Purpose: To correct an error in the place of calculation of the
characteristic velocity. This error would occur when
TRGFTREF and CSTART#0.0. causing a small accumulative error
in CSTAR over the operating time.
Insert between lines 14 and 15 p. 156:
CSTARN=CSTAR
Change line 15 p. 156 to:

10003 CSTAR=CSTARN*(1,+CSTART*(TGR-TREF))



VII. CONCLUDING REMARKS

The continued research in internal ballistics performance variaticm
has produced considerable improvement in the flrxibility of the Monte
Carlo and design analysis computer programs. In addition to a large number
of minor improvements in both programs, two new computer program codes now
permit more detailed examination of the thrust imbalance characteristics
defined by the Monte Carlo program. Sample evaluations for the Titan IIIC
and comparisons with flight test data show good agreement throughout the
operating time of the motors and thus provide additional confirmation of
the Monte Carlo method. Statistical correlation studies of the sample
results suggest several new and possibly important approaches to predicting
thrust imbalance.

Design analysis program modificatiors now permit evaluation of the
internal ballistic effect of general deformation of circular-perforated
grains. Although additional validation of the model is needed, application
of the method to two different SRMs indicates that the deformation may
account for a substantial portion of the so-called “scale factor" on
burning rates.

The research in the thermoelastic coupling of propellant strain rate
with grain temperature and burning rate has culminated in an apparently
successful method for theoretical evaluation of the phenomenon. Assessment
of the influence of thermoelastic coupling indicates a small but definite
effect which warrants further inves-igation. ’
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APPENDIX A

A COMPUTER PROGRAM FOR ANALYSIS OF SRM PAIR IMBALANCE
DATA DURING SPECIFIED TIME INTERVALS

The computer program listed in this appendix is used to analyze a data
tape containing motor pair data which is generated by the Monte Carlo per-
formance analysis program described in Refs. 2 and 3. This program analyzes
the data for a prescribed number of time intervals. The variables investi-
gated are the absolute values of thrust imbalance and its first time deriva-
tive, the impulse imbalance and the absolute impulse imbalance. For each
variable the program calculates the maximum value for each pair during the
time interval, the maximum value occurring in all time intervals for all
pairs, the mean value for each time interval and the standard deviation for
each time interval. The program also determines the mean value and standard
deviation of the time at which the maximum value of the variable occurs
within the time interval. ’

Input Data

The discussion below gives the general purpose, order and FORTRAN coding
information for the input data.

Card 1 Number of time intervals to be analyzed (I10)
Col. 1-10 Number of time intervals (NSETS)
Card 2 Time interval data (I10, 2F10.4)(one card for each time interval)
Col. 1-10 Number of motor pairs to be analyzed (NAMAX)
11-20 Beginning time of interval (ATMIN)
21-30 Ending time of interval (ATMAX)

Program Listing

The program listing is presented in Table A-1.

Qutput

The output of the program is discussed in Section II of the main report
where a sample output illustration is also given.
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Table A-1. Computer program for analysis of SRM pair imbalance data
during specified time intervals.

DIMENSION FDIFF{1UJ0)},TPLUT(1000),DFDUT(100D)
DI MENSION NAMAX(50) s ATMIN(50),ATMAX(50)
CALL GSIZE(500.41l.s1121)
READ(54101) NSETS
D3 7000 IPLT=1,3
REWIND 8
00 6000 L=]1,NSETS
IF( lPLT.EQ.Z.AND.L.EQ. l, '\:ALL PLO‘(Z"O '00 "3)
IF(IPLTEQe2.ANCL.GTL2) CALL PLOT(9490445-3)
IFCIPLTLEQL3) CALL PLUT(9¢+0.4-3)
XMAX=9,0
TMAX=J.0
XDMAX=0,9
TOMAX=0.0
REWIND 8
IF{L.GT.1AND. IPLTLEQ.1) CALL PLOT(24.9049-3)
IFLIPLT.EQ.L) READ(5,101) NAMAX({L)ATMIN(L)sATMAX(L)
NM4AX=NAMAX (L)
TUIN=ATMIN(L)
TMAX=ATMAX(L)
WRITE(69193) LyNMAX,TMIN,THMAX
D3 1090 N=l,NMAX
DFMAX=0.,0
TOFMAX=0.3
PREAD(B,121) NX
KOUNT=0
K=0
I1C=0
DO 4030 J=1,NK
CALL INPUT{T,F,IPLT)
IF(TLTLTMIN) K=J
IF(TLT.TMEN) GU TO 4000
1=J-K
IF(T.OToTAAKANDKUUNT.EQ.0) KUUNT=1-1
IF{KUUNT) 11,11,4200
11 TPLOT(I)=T

FDIFF(L)=F

AF =A3S (F)

FF( AF.GTOFAAK) TDEMAX=T
{F( AF s GT U 4AK) DFAAX=AF

IF(DFMAX.GT.XMAX) THMXK=TDFMAX
IFIGFMAX OGT o XMAX) XMAX=DFMAX
JF(T.LT.TMAX.ANDLJ.GELNX) TC=1
4030 CONTINUE

GO TU (37+38,89),1IPLT

87 WRITE(64107) N,yOFMAKX
Go TU 30

88 ARITE(OG,1071) N,DFMAKX
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Table A-1 (Cont'd)

GO0 TO 90

89 WRITclo6,y1072) N,DFMAX
90 WRITE(6,1056) TOFMAX

CALL SIGBAR(DFMAXsS1+S52, XMAXSsXMAXM,N,NMAX)
CALL SIGOAR(TDFMAX 953,549 TMXXS,,TMXXMyNeNMAX)
IF(KOUNT .NELO) NX=KOUNT

IFCICJNELD) NX=IC

IF(N-1) l4yl4y10

14 CALL SCALE(FDIFF,8.0¢NX,1)

16

1

2

3

4
9¢G
1009

5

6

IF(FDIFFINX+L) aLTo0.o0eAND B OXFDIFF(NX+2)+FDIFF(NX#1).LELD.D)
2FIRSTV=FUIFF{NX+1})*2, )

IF(FOIFFINA+L) LTe0+s0.ANDB O*FDIFFINX#2)+FDIFF(NX+1).GT.0.0)
2FIRSTV==ABS{d.*FDIFF(NX+2))

IF(FDIFFINX+]1).GEe0.0) FIRKSTV==(FDIFF{NX¢1)+8.0%FDIFF(NX+2))%2,
DELTAV==-FIKSTV/4.0

CONT INUE

FOIFF{NX+1)=FIRSTV

FOIFF(NX+2)=DELTAYV

TPLOTINX+1)=THMIN

TPLOT(NX+2)=(TMAX-TMIN) /5.0
IFINGEQalaANDLoEQel e ANULIPLT.EQel) CALL pLUT(“oOQl-S"S)
IF(NeNEsLl) 53 TU 999

GO TO (14243)4IPLT

CALL AXIS(D.4090.0,'THRUST IMBALANCE (LBF)'42248.099Ue0y
2FIR’RSTV,0ELT AV

GO TO 4

CALL AXIS(0.0+0.0y*IMPULSE IMBALANCE (LBF-SECS)'928:8.0,90.0,
2HIRSTV,LELTAV)

GG 10 4

CALL AXIS(0.0:0.0,*A3SOLUTE IMPULSE [MBALANCE (LBF-5tCS)*,
237484049940
2FIRSTV,DELTAV)

Catl AXISIO.D44.0,"TIME (SECS)'"4-11+5.09040,TPLOT(NX¢])

2y TPLUT(NX+2))

CALL PLUT(Qeys%.43)

CALL ULINCOTPLUTFOILEF ¢NAyLyU,1)

CONTINUE

GO TO (5,601,121

WRITL (69 104) XMAX

WRITE(H9106) TMXX

WRITE(6,109)

WRITE(6ylUG) XMAXM

WRITE(6,111)

WRITE(O,104) XMAXS

ARITE(G6,110) TMXXM

WRAITEfo0,y112) TMXXS

GJ T3 8

WRITE(6y1lU4Ll) XMAX
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Table A-1 (Cont'd)

WRITE(6,106) TMXX
WRITE(S,109)
WRITEl6,1041) XMAXM
WRITE(G6,111)
WRITE(o6,1041) XMAXS
WRITEL(6,110) THMXXM
WRITE(6,112) TMXXS
GO T0 8
7 WRITE(6y1J42) XMAX
ARITE(6,106) TMXX
WRITEL6,109)
WRITE(6,1042) XMAXM
ARITELO, L1 L}
WRITE(6,1041) XMAXS
WRITE(6:110) TMXXM
WRITE(G6,112) TMXXS
8 IF(IPLT.NE.L) GU TO 6000
REWIND 8
DO 2000 N=1,NMAX
DF DMAX=0,.0
TOFOMX=0.0
READ{3,101) NX
KOUNT =0
K=0
1C=0
D3 5093 J=1,NK
CALL INPUT(T,F,IPLT)
IF(TLT.TMIN) K=J
FE(T.LY.TINY GO TO 5000
I=J-K
IF(T.OV . TMAXLANDJKUUNT . EQL0) KOUNT=1~-1
IF(KUUNT) 13,13,5000
13 TPLOTI{I)=T
FDIFF(Li=F
IFITLLT.TMAKLANDSJJGELNX) IC=1
5330 CUONTINUE
TE (KOUNT (NG U} NX=KOUNT
IF{IC.idE o) NX=IC
NEDOTLLY=FOLIFFLL)/Z1PLOT(L)
OF DHAX=A0S(0Fr03T(1))
TOFDMX=TPLUT(])
DO 3000 J=2,WNX
UFOUT (D) ={FOlFFJI=-FOIFFIJ-1))/7LTPLOT(J)-TPLULUT(J-1)})
AFV=ABS(DFDOT(J))
1F ( AFDsGTLOFOMAX) TUuFDMX=TPLCT (J)
IFL AFD.CTLOFDMAX) LFDHAX=ABS(DFDOT(J))
IF(UFOMAX « GT o XUMAX ) TDMAX=TDFUMX
3000 IF{0FUMAKLGT JXDMAX) XUMAX=UFUMAX
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WRITE(64108) N,OFDMAX

WRITE(6s113) TUFDMX

CALL SIGHUAR(DFOMAXS59569¢ XOMAXS ) XOMAXM 4N ¢NMAK )
CALL SIGBAR(TDFOMX 357458 TOMAKS TOMAXM o\ gNMAX)
IF{N=-1) 15,1517

15 CALL SCALE(UFDOT3.04NXy1)

TF(UFDUT(NX+1) oL Te0e0.AND.B. O*DFDOT(NX+2)+DF JOT(NX+1)eLE<0.0)
2FIRSTV=DFDOT (NX+1) %2,

IF(OFDOTINX#L) eLTaUe0eANDB. O*DFDOTINX+2)+DFDOT(NX+1)eGT.0.0)
2FIRSTV==ABS(8.*DFDOT{NX+2))

IF(OFDOTINX+1) «GEeVeU) FIRSTV==(DFDOT(NX+L)+8,0%DFDOT(NX#2))*2,
DELTAV=-FIRSTV/4.0 )

L7 CONTINUE

DFOUT (NX+1)=FIRSTYV

DFOOT (NX+2)=DELTAY

TPLOT(NX+1)}=TMIN

TPLOT INX+2)=(TMAX-TMIN)/20.0

IF(N.Ewel) CALL AXIS(0.0,0.0,°*THRUST IMOALANCE RATE (LBS/SEC)?',31,
28,0+90.0+FIRSTV,DELTAV)

[FINSGEQeLICALL AXIS(0e094e0y*TIME (SECS)*y—11+204+0.0,TPLOT(NX*]1)
2:TPLOT(NX+2))

CALL PLOT{D.094.0,3)

CALL LINE(TPLOT, UFUOT 4NXy140,1)

2000 CONTINUE

6000

WRITE(64105) XDMAX

WRITE (6¢113) TOMAX

WRITE(64109)

WRITE(64105) XDMAXM ORIGINAL PA;%YS
ARITEL6s111) oF POOR QU
WRITE(by 105) XDMAXS

WRITE(6s114) TDMAXM

WRITE(6y115) TOMAXS

CONT [ NUE

7000 CONTINUE

109
101
192
103
104
1041

1042

FORMATI4EL6.9)

FORMAT(110,2F10.4)

FORMAT(3(5X4E16.9))

FIRMATELHLy 99Xy ' THIS IS Tl INTERVAL NUMBER® 4y 144//,410X,*THEKRE ARE
2 Yylay? SETS GF UATA FUR THIS TIME INTERVAL'e//4,10Xy*THIS TIME [INT
JERVAL BEGINS AT*,F7,2,* SECS AND ENDS AT*,FT7e2," SECS*y/7)

FORMAT{10X,*THE ASSUOLUTE VALUE UF THt MAXIMUM THRUST IM3ALANCE DUR
2ING THIS TIME INTERvAL IS *,lPELL.4,' LOF?)

FURMAT (10X, * THE ABSIOLUTE VALUE GF THE MAXIMUM [MPULSE IMBALANCE DU
2RING THIS TIME INTERVAL IS *,1PELllea,' LBF-SECS*)

FIRMAT(10X, *THE MAXIMUM ABSOLUTE IMPULSE IMB
2ALANCE DURING THIS TIME INTERVAL IS *y1PElle4,' LBF-SELS')



Table A-1 (Cont'd)

105 FORMAT(L10X,*THE ABSOLUTE VALUE OF THE MAXIMUM THRUST [M3ALANCE RAT
2E DURING THIS TIME INTERVAL IS *¢1PEll.4,* LBE/SEC?)

106 FORMAT(L0X,*THIS IMBALANCE OCCURS AT *,F7.2,% SECS',/)

107 FORMAT(10X,*THE ABSOLUTE VALUE OF THE MAXIMUM THRUST IMSBALANCE FOR

-2 MOTOR PAIR NUMBER *y14%¢* IS *41PELLle4," LBF?)

1071 FORMAT(19X,*THE AUSOLUTE VALUE OF THE MAXIMUM [IMPULSE [M4BALANCE FO
2R MOTOR PAIR NUMBER *ol4y* IS *olPElLl.4s* LBF-SECS')

1072 FORMAT(10KX, *THE MAXIMUM ABSOLUTE IMPULSE IMB
2ALANCE FOR MOTOR PAIR NUMBER '9149"' IS '41PElle4y’ LBF-SECS*)

108 FORMAT(10X,*THE ABSOLUTE VALUE OF THE MAXIMUM THRUST IMBALANCE RAT
2E FOR MOTOR PAIR NUMBER *414y* IS *y1PELLle4y* LBF/SEC?)

109 FURMAT(1JX,*'THE MEAN VALUt OF?')

110 FORMAT(/+10Xy*THE MEAN VALUE CF THE TIME FUR THIS IMBALANCE IS *,
2FTe24* SECS*+/)

111 FURMATU/,10Xy*'THE STANDARD DEVIATION OF*)

112 FORMAT(10X,*THE STANDARD UEVIATION OF THE TIME FOR THIS IMBALANCE
21S "4FTede* SECS',/)

113 FORMAT(10X,*THIS IMOALANCE RATE OCCURS AT *4,F 7.2, SECS*/)

114 FORMAT{/,10X,* THE MEAN VALUE OF THE TIME FGR THIS IMBALANCE RATE 1
2S '9FT.24" SECS'y/)

115 FORMAT (10X, *THE STANDBARD ODEVIATION OF THE TIME FOR THIS IMBALANCE
2RATE IS *gFT7.29" SECS*y/)
stTaop
END

SUBROUTINE SIGBAR(X XTI ¢X124SIGX¢BXy ICOUNTyN)
XN=FLOAT(N)
IFCICOUNT.GT.1) GO TO 1
X12=0.0
X1=0.,0
1 XI2=X12¢X%*%*2
XI=X1+X
pX=XI/XN
X[ S=X[%%2
ARG=(XI2/XN)=-{ XIS/ XN*%7)
IF (ARG} 242,43
SIGX=2.0
GO TO 4
3 SIGX=SQRT({AG)
4 RETURN
ENO

SUBROUTINE INPUT(THF,IPLT)
GU TO (le2¢3)s1PLT

1 READ(3,100) T,F,0D1,D2
6O 10 4

2 RCADI(B,100) ToD1,F,D2
GO 10 4

3 READ(54+100) TyDLsD2yF

4 RETURN

100 FOKMAT(4El0.9)

ENO

'\ >
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APPENDIX B
A COMPUTER PROGRAM FOR ANALYSIS OF SRM PAIR IMBALANCE
DATA AT SPECIFIED TIMES DURING OPERATION

The computer program listed in this appendix is used to analyze a data
tape containing motor pair data which is generated by the Monte Carlo
performance analysis program described in Refs. 2 and 3. This program
analyzes the data at a prescribed number of discrete time slices and cal-
culates the statistical tolerance limits about a zero mean valus for the
thrust imbalance, thrust imbalance rate and impulse imbalance. For the
absolute impulse imbalance the statistical tolerance limits are computed
about the true mean value.

Input Data

The discussion below gives the general purpose, order and FORTRAN coding
information for the input data.

Card 1 (3F10.0)
Col. 1-10 One sided K-factor (SIGK1)
11-20 Two sided K-factor (SIGK2)
21-30 Initial time point to be plotted (TMIN)
Card 2 (2110)
Col. 1-10 Number of time slices to be taken (N)
11-20 Number of notor pairs to be analyzed (NMAX)
Card 3 Time Slice Card (F10.0)(one card per time slice)
Col. 1-10 Time at which analysis is to be made (TSL)

Program Listing

The program listing is presented in Table B-1.

Output

The output of the program is discussed in Section II of the main report
where a sample output illustration is also given,
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101

4000
100

102

1000

104

3000

11

39

40

890

Table B-1. Computer program for analysis of SRM pair imbalance data at
specified times during operation.

DIMENSION F(1000),FO(L1000),T(LO00) o TSL(SC0) FDIS(500),FISL(500)
DI MENSION FI(500),FO1(300),FIM(S00)+FDIM(500),FISM(500)
DIMENSION S1(500),521500}).531500),54(500)
CALL GSIZ2E(5U049lle9ll21)

READ(S54100) SIGKL,SIGK2,THIN

READ(5,101) N,NMAX

WRITEL6+105) NMAX,SIGKL,SIGK24N
FORMAT(2110)

00 4000 K=1,N

READI5,103) TSLIK)

FORMAT(38F10.0)

DO 99999 IPLT=1,3

REWIND 38

00 3000 L=1.NMAX

CALL InPUTIT,FNX,IPLT)

FORMAT {(4EL16.9)

FOCL)=FLL)/TLL)

DO 1000 J=2,NX
FOWI)SIF(I)=FLJ-1))/LTLI)-T(J~-L))

D0 3000 K=1,N

CALL INTRPLIF T NXoTSLIK)FI(K))

CALL INTRPLIFDsTyNKyTSL(K),FOI(K))
FORMAT(10X,3C16.9)

CALL SIGBARIFI(K) ¢SLUK) SEIK)yFISIKYyFIM(K), L oNMAX, IPLT)
CALL SIGUAR(FOI(K) 9S53(K) ¢S4(K)yFDISLK)FDIM(K) yLoNMAX, IPLT)
DO 1 I=1,N

FOIS(1)= SIGK2%FDIS(])
IF(IPLT.EQ3) GU TO L1

FIS(I)= SIGKZ*FIS(I1)

GO 10 1

FISMIOD)=FIM{I)-SIGKL*FIS{I)
IF(FISMIT)LELOLO) FISM(])=0.0
FIS(I)=FIMIT)«SIGKL4FIS(I)

CONTINUE

DO 4 I=1,4n

WRITE(6,106) TSLIL)

IF(IPLT JNESl) GG TGO 30

WRITE(64103) FISCI),FDISCI)

GJd 10 4

IF{IPLY JNE.2) GO TQ 40

WRITE(6,113) FIS(IL)

60 TO 4

WRITEL(O6,132) FIM(L)

WRiIE(64123) FISIL)

WRITE(G133) FISM(I)

CONTINUE

IF(IPLT-1) 83,80,70

CALL PLUT(‘0.0ol.bp"})
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Table B--1 (Cort'd)

GO 10 90
70 CALL PLOT(9.040.0,4-3)
90 CONTINUE
CALL SCALE(FIS,2.04Ny1)
IF(FISIN®L) LT 0e0.ANDaB.OXFISIN#2)+FIS(N+]1).LE.O0.O)
2FIRSTV=FISI{N¢1)%2,
IF(FISIN®L) LT o000 ANDB.O*FISIN®2)+FISIN+#1)aGTL0.0)
2FIRSTV==-A3S(3.*FIS(N+2))
IF(FISIN4L) Gt Q) FIKSTV==(FISIN+1)+8.0%FIS(N+2))%2,
DELTAV==FIRSTV/4.0
FIS(N#1)=FIRSTYV
FIS(N+2)=DELTAV
TSLIN+®1)=TMIN
TSLIN#2)={TSLIN)=-TSL(N#1))/5.0
IF(IPLT.NE.L) GO TO 10
CALL AXIS(DUe090.00*THRUST IMBALANCE (LBF)*922:8.0,90.09
2FIRSTV,DELTAV)
GO TO 15
10 IF(IPLT.NEL2) GU TO 20
CALL AXIS{04090s0y " IMPULSE IMBALANCE (LBF-LECS5)%4289340492.0,
2FIRSTV,DELTAV)
GO TO 15
20 CALL AXIS{0.040.0,'ABSOLUTE IMPHLSE IMBALANCE (LBF-SECS)*+3748.09
290 .0,FIRSTV,.DELTAV)
15 CALL AXIS{O0e094.09*'VIME (SECS)*y=11154040.04TSLIN+1)
22TSLIN+2))
CALL PLUI(O.'4093’
CALL LINE(TSLyFISyNyLyOl)
DO 2 I=1,yN
FIS(I)==-FIS(I)
2 IF{IPLTLEQ.3) FIS(I)=FISM(IT)
CALL PLOTIQ494.4+3)
CALL LINE(TSL,FIS,. Jsl)
IF(IPLT.NELL) GO Y. 369
CALL PLUT(9e090eUy -
CALL SCALE(FDISy8. « ,1)
TE(FDISI N4l ) el TeUer _ANDBLOXFOISING2)+FDIS(N®]L) . LELDOLO)
2HIRSTV=FDIS{N+1)*%2,
IF(FDIS{N+L) el ToCaUeANDeBJOF¥FTDISINE2)+FDISINL)GToUeD)
2FIRSTV=—A3S(8.%FDIS(N+2))
[FIFDISIN®L) oGt W0e0) FIRSTV=={FOISIN#]L)+8.0%FDIS(N+2)) %L,
DELTAV=-FIRSTV/4.0
FOISIN+L1)=FIRSTV
FOIS(IN+2)=DELTAV
CALL AXIS(Ue01Ve0y ' THRUST IMBALANCE RATE (LBF/SEC)I',31,
28¢0990.04FIRSTV,DELTAV)
CALL AXIS({U03%e0 ' TIME (SECS)*y=L115.9U0TSLIN+L)
2yTSLIN+2))
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CALL LINE(TSL FDISNsle0o1l)
DO 3 I=1,N
3 FDISUL1)=-FDISLI)
CALL PLOT(0.044.0,3)
CALL LUINE(TSLoFDISeNole0,1)
99999 IF(IPLT,EQ.3) CALL PLOT(0.040.0,999)
RE TURN
103 FORMAT (10X,
2°'THE ¢ OR - K2*SIGMA LIMIT ABOUT A ZERG MEAN FUR THE THRUST IMBALA
2NCE IS "9o1PEllebe® LBF*s/,10X,*THE ¢ OR - K2#*SIGMA LIMIT AB0OUT A Z
2EROQ MEAN FOR THE THRUST IMBALANCE RATE IS %,1PEll.4,* LBF/SEN*,//)
105 FORMAT(LHL 93Xy *THERE ARE *,14,* SETS OUF MOTUR PAIR DATA®,/,10X,*TH
2E ONE SIDED K FACTOR (K1) FOR THIS SAMPLE SIZE IS *+F7.3,7,
319X,* THE Twid SIODED K FACTOR (K2) FOR THIS SAMPLE SIZE IS *4F7.3,/
2+10Xy *THE KRESULTS ARE CALCULATED AT *,14," TIME SLICES?./7/77)
106 FORMAT(19X,*T!tIS TIME SLICE WAS TAKEN AT *,F7.2,' SECS®)
113 FORMAT(13X, .
2'THE + OR - K2#SIGMA LIAIT ABQOUT A LERQ MEAN FOR THE IMPULSE [MBAL
2ANCE IS "31PELlle%,® LBF-SECS*,//)
123 FORMAT (10X,
2 *THE + K1%SIGMA LIMIT ABOUT THE MEAN FOR THE ABSOLUTE IMPULSE
2 IMBALANCE IS *,1PELll.%4* LBF-SEC?)
135 FORMAT(10X,
2 'THE - K1*SIGMA LIMIT ABOUT THE MEAN FUR THE A3SOLUTE IMPULSE
2 ITMBALANCE IS °*,1PElle%s* LBF-SEC*,//)
132 FURMAT(LUX,* THE MEAN VALUE OF THE ABSOLUTE IMPULSE IMBALANCE IS *,
21PE1l.4,* LOF-SECS®)
STOP
END

SUBROUVINE SIGBARIX s XI oXIZ2 o SIGXeBX,y ICOUNT 4N, IPLT)
XN=FLOAT {N)
IF (ICCUNT.GT.1) GO TO 1
XI12=0.0
XI=0.0
1 X12=K12¢X%%2
XI=XI+/
BX=XI/XN
XLS=X1%%2
[FIIPLT-3) 2,3,2
2 ARG=(XI2/XN)
»Jd 0 4
3 ARG=(XI2/XN)-(XIS/ZXNEX2)
{r (ARG LE QD) ARG=0.0
4 SIGX=3JdRT(ARG)
RETURN
END
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SUBROUTINE INTRPLIY,ToN,1T,0Y)
DIMENSIUN YI(N)},TIN)
Nl=N-1
oY =0,0
DO 1 [I=l,N1
IF(TTCGETII)ANDTT LT T(I#1)) OY=0(YLI+)=-Y{1D)/ZLTULLI€L)}-TLI)))
2%(TT=-TUL))eY(1)
IF (DY «NE.0.0- RETURN
1 CONTINUE
RE TURN
END

SUBROUTINE INPUTIT ¢DXoNX,IPLT)
DIMENSION T{(1000),0X119G0)
READ(8,100) NX
GO TO (1:2,+3),1PLY
1 READ(8,200) (T{}§),0X(1),01,02y1=1,NX)
G0 10 4
REAU(8,200) (T(1),01,0X(1),0241=14NX)
GO YO 4
READ(8+200) (TUI)eO1002:DK(1)o1I=1,NX)
RE TURN

Sw N

100 FORMATI(I10)
200 FURMAT(4E16.9)

END



APPERDIX C
THE SRM DESIGN ANALYSIS PROGRAM WITH OPTION PERMITTING
EVALUATION OF GRAIN DEFORMATION EFFECTS

This appendix contains the instructions for the preparation and
arrangement of the data cards. In addition, a complete listing of the
prograr statements is given. The program was written for use on an IBM
370/155 computer and requires approximately 100K storage locations on that
machine. The program also is designed to be used with a CALCOMP 663
drum plotter. The plotter requires one external storage device (magnetic
tape or disk), However, only minor program modifications are required to
eliminate the plotting capability of the program.

Input Data

The discussion below gives the general purpose, order and FORTRAN
coding information for the input data. All of the lita, except for the
changes described herein, are identical to the input data d-scribed in
Appendix B of Ref. 2,

Card 4A Replaces Card 4A of Ref. 2. Ignition, inert weight and grain
deformation options (4X,I1,9X,I1,9%X,11)

Col. 14 1IGO =
0 For no ignition calculations
> {’1 For ignition calculations
6-14 1IWO0 =
0 For no inert weight calculations
v {1 For inert weight calculationms
16-24 1S0 =
0 For no grain deformation effects
» {1 For grain deformation effects

Card 9 Replaces Card 9 of Ref. 2. Uniform temperature and grain detor-
mation constants (3 cards).

Card 9A Uniform temperature card (input only if ITEMP=1) (5X,F10.0)
Col. 1-5 TGR =

6-15 Value of TGR
-75-



Card 9B Grain deformation constants (input only if ISO = 1)(7X,E12.4,
10X,E12.4,9X,F8,.5,9X,F8.5)
Col. 1-7 PMOD =
8-19 Value of PMOD
20-29 CMOD =
30-41 Value of CMOD
42-50 PMU =
51-58 Value of PMU
59-67 CMU =
68-75 Value of CMU
Card 9C Grain deformatior constants (input only if ISO=1) (10X,E12.4,
10x,F8.5)
Col. 1-10 ALPTS =
11-22 Value of ALPTS
23-32 TALC =
33-40 Value of TAUC

Table C-1 represents an example set of data. Table C-2 is a sample
computer printout obtained with this input data.

Program Listing

Table C-3 presents the complete program listing. The program has been
designed to produce graphical representations of the computatioral results
on the CALCOMP plotter. To declete the plotter compilation requirements,
dummy subroutines may be substituted for the following subroutines:

CSIZE, PLOT, LINE, AXiS, and SYMBOL.
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Examplc data sheets for desigm analysis program with grain deformation (Cont'd).

Table C-1.
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Tahle C-2. Sample corputer printout for design analysis program with grain deformation.

TARLLAR VALLES FCR YT EQLAL 2ERC REAC 1IN !
AzF&® J.C ABSKs Q.0 "ABNK= 1.,2707€ €3 APHKs 0.0 APNKe 0,0

vCliT= 1,90CCE 03

XXX RS R R RERYREIARRIR 2 AARAL 4]

esse EQUILIERIUNM BLRNING 009,
0000006000000000000000000080300

INITIAL <EYACLCS NUMBERs 9,2773€ 07

Tiwga C.G Ys o0

RLls 2.474C0=01 APEADs 2,7161E-C1 PLACZe  3.B134E 22 PHEMCe 4.691%5€ I2

PT2Is 1 L.CI85E Qo FnCls 4G BlE2E-G1  SUMAEs  7,38435 23 $Gs 0.0

PATva  1,66342 €1 CFvACs  1.706¢E QC FvaCs  3.IBT6E S4 Fe 2,719LE 04
1522 2.168715E (2 CPa  1.4223E 3¢ ¥Cs  1.,%€27E L4 #CCYe  1.2708E C2

CFyla  1lta59E O35 11ct=s Col 1Tvace L) ISPVACe 2,6653€ 02

n2s PR RAC “As  1,2C53E-37 EPSe  T7,4e40F OC ALTs (.G

Cis Bo2G30F L APFEacs  #.4179E Gl APNCZs  5,5947¢ C) CCFs  1.577)E
CFLa  1,280%55 CC

ETrETAs  &,87628-42 RhC58 2.C.08E-C) AATPs 5,38716-01 RATR2a 5.9¢05€-02 XETHes 1,0000€ 00 YETAs 0,0

«©
<

TARULAR VALLES FCR YTs 1.0CC READ IN
APFK2 Q.3 ABSKs 0,0 ABNKe 1,.3210E 03 APHKs 0.0 APNKs 1,0

Tiris 42.117 Y= 11.82
Q-.Cle .C RREACs 0.0 PCNC2Z®  $,1370E-QC3 ODrEADs 9,137 €-03
prass L 2BT3E G PACIs 4 E%14E=C2 SUMARBe  B8,9%5435E (3 SGs 0.0
PATWa  1,4¢S5LE 01 CFvals 1,02427E CC EYACT B.59599E-C) Fs 0.0
1spa C.C CFs <l 14EBE Cb vCs 1.3780E C9 »CCTs  3,2667E-C)
CFfyca  t.e2878 COT [ICTa  1.9446% 04 [TVACs 2.16435 Ot ISPVACs 2.65)1 E Q2
(X 2,207 €3 RALEAw 3,7632€é-0C3 EPSs  T.1438E {C sLTs 0.
€:a d.56472 £0 APREACs  7,28285 02 APNCIs  T.4119E c2 CCFs 1.50)1E CO
CFCs =1 1489E C4

ETHETAs  2.0%45E-33 ARn(Ss 2.C17%E-C) RATPs  9,$997E-01 RAATR2e $,9178E-01 XETHs  1,3000t G0 YETAs L LIT4E 0L

wPis B.EilCE 32
wPis 8,21x6E 33 o
wHs H.zeCoE 3 5
prvass  £.5751E 22

1523 2.285378 <2

[opvals  2.6576¢ 32 g
11CTs  1.9446E 26

1Tvals 2.1E852€ 2@ -]
£ Pvs 4.84277 04 g

FV3LaVvs  5.407%E C4

pPLAAWT 5 8.92c8E G2
VOl 1.78270 G4
VCF®  1.2782E ©S

d IVNIOYO

A/

LAMECAs  §.2143E-01

SI 39



OO OOONO

K I K B BK IR R B B B SK BF 3K BN N 3

TABLE C-3

1IR3 R 2T I TSR3 222232222333 F 3 22222 SR 222 22222 22 22 2 22 2222 2R d

SRM DESIGN AND PERFORMANCE ANALYSIS *
PREPARED AT AUBURN UNIVERSITY - .

UNDER MOD. NO. 14 TO CUOPERATIVE AGREEMENT WITH .
NASA MARSHALL SPACE FLIGHT CENTER *

BY *

R. H. SFORZINI AND W. A. FOSTER, JR. *
AEROSPACE ENGINEERING DEPARTMENT *

- SEPTEMBER 1975 *

*®

[

MODIFIED FOR GRAIN DEFORMATION INTERNAL BALLISTIC EFFECTS *
*

BY .

Re H. SFORZINI AND DAVID F. SMITH *

AEROSPACE ENGINEERING DEPARTMENT *

SEPTEMBER 1976 | .

XXX K SRR R R R LR EEE R LSRR R SRV R R A KSR KRR R R KT KRR IR R E R SRR R C X R R R EE AR R K%

INTEGER GRAIN

REAL MGEN¢MDIS ¢MNOZoMNLy JROCKeNyLyMELIME ISP, ITOTsMUsMASS¢ISPVAC
REAL N1 oN2yNSEGeK]L 9K2 yKEHyKENy NS LCCoLTAP

REAL M2,MDBAR, ISPZ24sITVACKAyKB+LAMBDA,LITV
COMMON/CONST1/2ZWeAE+AT,THETAALFAN
COMMON/CONST2/CAPGAMyME yBUTE , ZETAF o TB ¢ HB yGAME ,CGAME, TOPE ¢ ZAPE
COMMON/CONST3/S NS +GRAINSNTABYNC ARD
COMMON/CONST4/0ELOI,0G,20,01

COMMON/VARIAL/Y T, DELY,DELTAT ,PONDZ yPHEADsRNOZ RHEAD,SUMAB,PHMAX
COMMON/VARI A2/7ABPNRT 4 ABSLUT y ABNOZ s APHEAD ,APNGZ, DAUY y ABP2yABNC 9 ABS2
COMMON/VARIA3ZITOT 4 ITVAC o JROCK s ISP ISPVAC MUTIS s MNUZySGy SUMMT
COMMON/VARIA4Z/RNT ¢ HHT 3y SUMZ ¢ R1¢R2yRIRHAVE RNAVE +RBARyYB ,KOUNT o TL
COMMON/VARITIAS/ABMAIN,ABTO ¢SUMDY L VCI ,ABTT  PTRAN
COMMON/VARTAG/WP2 4 CFyWP ¢RADEREPS o VC o FLAST 4 TLAST DT PONTOT (WP1
COMMON/VARIAT/TIMX4FV4 1TV 4NX

COMMON/VARI[AB/YDI
COMMON/VARIAY/ETHETA,RHOS yRATP, PMCDyCMCD ¢+ PMU, CMU, ALPTS 9 RATR2
COMMUON/VARIZO/YETA GJXETH, 150

COMMON/ZIONL/KA ¢ KBy UFSsRHOsL e PMIGeTILoT12+CSIGsQLeNL1,Q24N2
CUMMONZIONZ/Z7ALPHABETAPBIGokRIGoCELTIG X T0P,, AP
COMMON/PLOTT/NUMPLTt16) o IPOyNOUNM,IPT,,IGP

DIMENSION YTAB(30),TTAB(30])

DATA Pl14G/3.14159432.1725/

CALL GSIZE (416.511.0,1100)

CALL PLOT(6e25¢209-3)

1QP=0

READ(545030) NRUNS
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c
c
C

OO0

OO0

OOOOOO.

PSR A A A R O I N AR SR RCR N N S N N RN

Table C-3 (Cont'd)

2222 222 222122 222 2222 2 22 2 aat-d R 2R s 22 2 22 f 22 22322222223 3

* READ IN THE NUMBER GF CUNFIGURATIONS TO BE TESTED *
FREEERER RN LA B RRAEREE SRR ERAERRAERE AR SRR SR A RS R AR AR RIS SRS S LR R KRR %
NTABY=0
NC ARD=0

D0 901 I=1,NRUNS
NEXTR=NTABY-NCARD
IF{NEXTR)1901,1901,1902

1902 READ(5+1903) (DLsD2+D34D4+D5+D6+1EX=14NEXTR)
1901 WRITE(64602) i

READ(5,11111) NTAB,NTABY
READ(59499) SUMDY ANS ZU,;Y T ,DELTAT ,RNCZyRUCADy SURAB » PHHAK ¢ SUM2, 1T
LOT oRHTsRNT9R14R29R3,RHAVE ¢yRNAVE yRBAR I TVAC,SUMMT , PONTUT

EREEEREEER AR RS RSN SR RERERERRE XA SRR SR AR R BRABRSE R SR AR R KRR E XS SR KRS R RS

* SET INITIAL VALUES OF SELECTED VARIABLES EQUAL TO ZEROD x
& **¥NOTE*** THESE VALUES MUST BE ZEROED AT THE BEGINNING OF *
* EACH CONFIGURATIGN RUN %

L T R R R e R T e e R P P TR S PP T PP S 23
READ (54491) 1G0O,IW0,1S0
READ(59493) IPOINUMPLT(JJ) 9JJ=1,16),1TENMP
EEEEEBEBRRREEUE RN AR AR ERRRR AR R SR E RN S RC RN R A E R AR KA R AR RO SRS KRR SR ER KRR KR
READ IN THE USER'S OPTIONS

VALUES FOR [GO ARE
O FGR NO IGNITICN TRPANSIENT CALCULATIGNS
1 FOR IGNITIGN TRANSIENT CALCULATIONS
VALUES FOR [wWO ARE
0 FGR NOU INERT wEIGHT CALCULATIOGNS
1 FOR INERT wEIGHT CALCULATICNS
VALUES FOR JSO ARE
0 FOR NO GRAIN DEFORMATION EFFECTS
1 FOR GRAIN DEFORMATIGN BALLISTIC EFFECTS
*xENOQTEx*% iF GRAIN=2({ALL STAR GRAIN), ISU MUST BE O
VALUES FOR IP0O ARE
0 FOR NO PLOTS
1 FOR PLOTS OF EQUILIBRIUM BURNING ONLY
2 FUOR PLUTS UF IGNITIGN TRANSIENT uUNLY
3 FOR PLCTS OF BNTE IGNITIUN TRANSIENT ANL
EQUILIBRIUM BUFITING
VALUES FOK NUMPLT{JJY AR.  [NJIT nEQUIKEL FCR IPG=U)
0 IF SPECIFIC PLOT IS5 NUT DESIRLD
1 'F LPECIFIC PLOT IS LESIRED
ORDER OF SPECIFICATION UF NUMPLT{JJ) IS
PHEAD vS TIHAE
PONOZ VS TIME
PHEAC AND +0G*1Z VS TIME
RHEAD vS Ti*
RNLZ VS TIME

L L B B BE NE B B AE IR AR 2. AR R BE NE N BE BE R B K 2R K K B

LS SR VR S
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Table C-~3 (Cont'd)

cC = 6 RHEAD AND RNCZ VS TIME *
1000 CONTINUE
cC = T SUMAB VS TIME »
C x 8 SG VS TIME *
cC = 9 SUMAB AND SG VS TIME *
cC = 10 F VS TLME *
C = 11 FVAC VS TIME *
cC = 12 F AND FVAC VS TIME .
cC = 13 VC VS TIME *
C .= 14 SUMAB VS Y8 »
C = 15 SG VS Y8 s
C = 16 SUMAB AND SG VS YB &
cC = VALUES FOR ITEMP ARE *
C = 0 FOR TEMPERATURE GRADIENT *
cC = 1 FOR UNIFORM TEMPERATURE .
C = NTAB IS THE NUMBER OF Y STATIONS FOR WHICH TABULAR *
cC = TEMPERATURES ARE SPECIFIED *
cC = NTABY IS THE NUMBER OF Y STATICNS FOR WHICH TABULAR AREAS *
C = ARE SPECIFIED *
C RRREE R XERER LR R R R SRR B R E XA R R AR R R R XSRS AR R R EE R KRR KRSk R ke kkEE

> WRITE (6¢492) 1GO, IW0,150
WRITE(6+494) [PO,INUMPLTIJJ) ¢ JJ=1916),ITEMP
WRITE(6,11112) NTAB,NTABY
READ{59501) RN2N1+RHO,ALyN1y ALPHA,BETA,MU,CSTAR
C AL EE RN KRR AR RS R KA AR ORI TR KGR E R A B R R EEUR AR E RSk ek k&
cC = READ IN BASIC PROPELLANT CHARACTERISTICS *
C % *
Cxxxx MODIF ICATION MADE 573716
* RN2N1 IS THE RATIO OF THE NOMINAL VALUES OF THE BURNING RATE =
* EXPONENTS ABOVE AND BtLOW THE TRANSITICN PRESSURE =
* RHO IS THE DENSITY CF ThE PROPELLANT IN LBM/IN®%*3 *
¥ Al 1S THE BUKRNING RATE COEFFICIENT BELCW THE TRANSITIUN *
* PRESSURE *
* N1l IS THE BURNING RATE EXPONENT BELCW THE TRANSITION PRESSURE *
* ALPHA AND BETA ARE THE CONSTANTS IN THE cRUSIVE BURNING *
* RELATION OF ROBILLARC AND LENGIR *
* MU IS THE VISCUSITY OF THE PROPELI ANT GASES *
* CSTAR IS THE CHARACTERISTIC €XHAUST VELOCITY IN FT/SFC &
L2322 R RSS2 EL23 22 2R S RS R E SRS ERE RIS SRS RIS SR T Y
WRITE: 16,603) RHCyALyN1yALPHA,BETA, MU,CSTAR, RN2N1
RHO=RHO/32.174
READLS59502) LyTAU9DEDTI »THETAALFAN,LTAP,XTy20,CSTART,PTRAN
R E R RRRRRE R SRR GRS PR R AR RN AR RSN IR R RS AR AR BE R SR RRKE R
READ IN BASIC MOTOR OIMENSIDNS *

COOOOOONMNCOO

i N

OO

TAU IS THE AVERAGE wtt THICKNESS OF THE CONTROLLING GRAIN

*
*
* L IS THE TOTAL LENGTH UF THE GRAIN IN INCHES
*
* LENGTH IN INCHES

LR 2R 2R 4
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Table C-3 (Cont'd)

* DE IS THE DIAMETER OF THE NOZZILE EXIT I INCHES *
* OTI IS THE INITIAL DIAMETER OF YHE NOZIZLE THROAT IN INCHES *
* THETA IS THE CANT ANGLE UF THE NJZZLE WITH RESPECT TO THE *
* MOTOR AXIS IN DEGREES *
* ALFAN IS THE EXIT HALF ANGLE OF THE NCZILE IN DEGREES ¥
* LTAP IS THE LENGTH OF THE GRAIN AT THE NOZZLE END HAVING *
* ADDITIONAL TAPER NOT REPRESENTED BY ZG IN INCHES *«
* XT IS THE OIFFERENCE IN WEB THICKNESS ASSOCIATED wiITH LTAP x
* 20 IS THE INITLAL ODIFFERENCE BEIWEEN WEb THICKNESStES AT THE *
& HEAD AND AFT ENDS OF THE CONTROLLING GRAIN LENGTH *
* CSTARY IS THE TEMPZRATURE SENSITIVITY UF CSTAR &
¥ AT CONSTANT PRESSURE *
* PTRAN IS THE PRESSURE ABOVE WHICH ThE BURNING RATE EXPONENT *
* CHANGES ¥
222 f 222 L2 E 222222 R 22222322222 RS2 R R R )Y ]
N2=N1#*RN2N1

A2=A1%*PTRAN%2{N1-N2)

WRITE(61604) L+sTAUQUEDTI»THETA ALFAN,LTAPXTyZO4CSTARTPTRAN N2
THETA=THETA/57.29518

ALFAN=ALFAN/5T7.295178

READ(5+4503) DELTAY +XOUT,DPOUT2ETAF,TBsHByGAMERREF 4 PREF,
JDTREF PIPK, TREFsGAME 4 PEXT

IF{ITEMP.NE.O) GO YO 10000

READ{(S5+700) (YTABUITAB),TTABLITAB),ITAB=1,NTAB)

WRITE(G6,701) (YIABUITAB) TTAB(ITAB)ETAB=1,NTAB)

GO 710 10004
10000 READ(5,10001) TVTGR

OO OOOON

C 12222333 333222 223222 2222222 2R 2RISR R 222 232322322232 2222 S
cC = READ IN BASIC PERFORMANCE CONSTANTS *
C = *
c = DELTAY IS THE DESIRED BURN INCREMENT OQURING TAILOFF IN INCHES *
C = XO0UT IS THE OUISTANCE BURNED IN INCHES AT WHICH THE PRUPELLANT *
C = BREAKS uP *
c = OPOUT 15 "HE DEPRESSURIZATIUN RATE IN LB/ IN*%3 AT wWHICH THE *
C = PRUOPELLANT 1S EXTINGUISHED *
C = ZETAF IS THE THRUST LOSS COEFFLICIENT %
cC = T3 IS THE ESTIMATED BURN TIME IN SECUNDS ®
(S HB IS THE ESTIMATED SURNOUT ALTITUUE IN FEET ¥
c = A2 1S THE BURNING RATE COEFFICIENT ABCVE THE TRANSITIUN *
c x PRESSURE ®
C = GAM IS THE RATIO OF SPECIFIC HEATS FOR THE PROPELLANT GASES b
L% ERREF IS THE REFERENCE IHRUAT EROSIUN RATE IN IN/SEC *
cC = TGR [S THE TEMPERATURE OF THE GRAIN IN CUEGREES F *
C = PREF IS THE REFERENCE NOZZLt STAGNATICN PRESSURE IN LB/ZIN**x. x
C * DTREF IS THE REFERENCE THRUAT DIAMETER [N INCHES ®
cC x PIPK IS THE TEMPERATURE SENSITIVITY CCEFFIC!'ENT UF PRESSURE o
C = AT CONSTANY K PER DEGREEL F *
cC = TREF [S THE OESIGN TEMPERATURE UF THE GRAIN IN OEGREES F *
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*
*
*

OO0

Table C-3 (Cont'd)

GAME IS THE EFFECTIVE GAMMA AT THE NOZZ2LE EXIT PLANE
PEXT IS THE PRESSURE AT WHICH THE PROPELLANT EXTINGUISHES IN

LB/ IN**2

*
¥
L

-G EREEE AR REERRG NEE SRR ER RS E R R R RN AR E R A AR EER SRR R R R R R SRR R E R RS S SR ER KR

10004 WRITE(6y606)0ELTAY XOUT,0PAQUT +ZETAF 4TB4HByGAMy ERREF+PREFDTREF

vVVyVVVVYEYY

LK BX

LePIPKyA2,TREF» GAME +PEXT
IFL{ITEMP.NE.O) WRITE(6,10002) TGR
NCARD=0
NOUM=0
IPT=0
MN1=,85
=20
$=0.0
N$S=0.0
KOUNT=0
ABMAIN=0.0
ABTO=0.0
A3TT=0.

TLAST=1.,
DELY=DELTAY
ETHETA=0.
PMU=0.5
ALPTS=0.
YETA=0.

DYETA=0.

PM3OD=10000.

YE=0.0

XETH=0.

TOP=GAM+ 1,

BOT=GAM-1.

IAP=TUP/{2.%B0OT)

CAPGAM=SQRT (GAM)*(2,/TOP )**ZAP
YOPE=GAME+].

BOTE=GAME-1l.
ZAPE=TOPE/(2.*BOTE)

CGAME=SJRTIGAME)*1 2./TOPE) **ZAPE
AE=Pl*DE*DE/ 4.

CSTARN=CSTAR
IF(XT.LE.O0.0) Ti=0.0
TF{ITEMP.NE.O) GG TO 10003
CALL INTRPI{TTAB,.YTAU NTAB.Y,TGR,0)

MODIFICATION MADE 1/7/176

QL=AL*EXP(PIPK%X{]1.,~N1)*{TGR-TREF))
Q2=A2%EXP{PIPK*{14~-N2)*(TGR—TREF))
WRITELG6,701) YoTGR

10003 CSTAR=CSTARN*(1,+CSTART*{ IGR-TREF))

Creex

MODIFICATION MADE 1/7/76
IF{ITEMP)10005410006,10005
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10005

10006

OO0 OO0 0O0

O

OO

40
41

42

43

Table C-3 (Cont'd)

QL=AL%EXPIPIPK®{1.~N1)*(TGR-TREF) )
Q2=A2%EXPIPIPK%*{]1.,~N?)*{ TGR-TREF))

IFIXT.LE.D.Q0) GO TO 40
TL=(Y=-TAU+XT+2/2. ) *LTAP/XT

IF(TLOLELO.O) TL=0.0

IF(TL.GELLTAP) TL=LTAP

IF (T) 41,41042

OT=DT1

G0 TO 43

RADER=ERREF* [ {PUNOZ/PREF)**0.8)*((DTREF/DT)*%0.2)
DT=DT¢{2.0%*RADER*DELTAT)

AT=PI%DT%*DT/4,

EP S=AE/AT

IF{IG0.EQe0eORaYeGTL0.0) GO TO 900

READ(5997) KA KByUFSoLSIG-PMIGyTILyTI24RRIGUELYIG,PBIG

it 33T RSS2 IS 222223 S22 23S S a2 R R R R LRSS RS R S22 R 2 R Y 2

%*
™
*
t
&
*
*
*
*
#
*
*
%
%*
*
*
%*
%

900

READ IN VALUES KEQUIRED FOR IGNITION CALCULATIONS
*x&NOTE#%* NOT REQUIRED IF 1G0=0

%
*
KA AND KB DEFINE THE CHARACTERISTIC VELOCITY IN FTY/SEC *
CSTR = KA + KB * PRESSURE %*

UFS IS THE FLAME-SPREADING SPEED IN IN/SEC ¥
CSIG IS THE CHARACTERISTIC VELOCITY OF THF IGNITER IN FT/SEC =
PMIG IS THE MAXIMUM IGNITER PRESSURE IN LBS/ZIN%*2 *
TI1 IS THE TIME OF MAXIMUM IGNITER PRESSURE [N SECUNDS %
TI2 1S THE TIME(IN SECUNDS) FOR T"HE IGNITER PRESSURE TO *
DROP TO 10 PER CENT OF MAXIMUM VALUE(PMIG) *

RRIG IS THE AVERAGE REGRESSION RATE UF THE FIRST HALF OF THE =
IGNITER PRESSURE TIME TRACE IN LBS/IN&%2/SEC *
DELTIG IS THE T IME INCREMENT FUOR IGNITION TRANGIENT %
CALCULATIONS IN SECONDS *

PBIG IS THE BLUWOUT PRESSURE UF THE MAIN MOTOR BLOWOUT PLUG *
IN LBS/IN%*2 *

%

AR AR KRR R BRI amha o bk k ko SR ke g Rk ko ok Rk kg

WRITE(69842) KAWKB yUFS,CSIGsPMIGyTIL,TI2RKRIGyLELTIG,PBIG
IF(IW0.EQaV+OR.YGTLU0) GO TO 832
READ(5,600) DYEMPy STGMAP 9 STGMAS y X 19 X2, SYCNUM,DCCPSICyuELCHLLC

1C o NSEGyHCNy SYNNUMy PSISePSTAGKL s K2yPSTINSyULL INSsKEH KEN, DL INERK,TAU
2Ly WA

I TI IR ET RS S S R R R R R R R R R R AR RS RS S LR L R

* 4 » S % Bt

READ IN BASIC PRUPERTIES REWQUIRED FCR WEIGHT CALCULATICNS
“x&NOTE*%¥ NOF REQUIRED IF IWO=0

DTEMP IS THF MAX EXPECTED INCREASE IN TEMPERATURE ABUVE
CONDITIUNS UNDER WHICH MAIN TRACE wAS CALCULATEL IN
DEGREES FAHRENHEIT

SIGMAP IS THE VARIATION "N PHMAX

SIGMAS IS THE VARIATIUN N CASE MATERIAL YIELD STRENGTH

L BRI EE N A )
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cC * X1 IS THE NUMBER OF STANDARD DEVIATIONS IN PHMAX TO BE USED  #
cC = AS A BASIS FOR DESIGN *
r s X2 IS THE NUMBER "F STANDARD DEVIATIONS IN SY TU BE USED AS =
L * A BASIS FO! JESIGN *
cC = SYCNOM IS THE NOMINAL YIELD STRENGTH OF THE CASE MATERIAL *
cC ¢ IN LBS/INCH *
cC * DCC IS THE ESTIMATED MEAN DIAMETER CF THE CASE IN INCHES .
cC = PSIC [S THE SAFETY FACTOR ON THE CASE THICKNESS *
cC = DELC IS TH'E SPECIFIC WEIGHT OF THE CASE MATERIAL IN iLBS/IN%*%3 =
C . * LCC IS THE LENGTH OF THE CYLINORICAL PGRTION OF THE CASE *
cC » INCLUDING FORWARD AND AFT SEGMENTS IN INCHES *
c = NSEG IS THE NUMBER OF CASE SEGMENTS .
cC = HCN IS THE AXIAL LENGTH OF THE NOZZLE CLOSURE IN INCHES *
C = SYNNCM IS THE NUMINAL YIELD STRENGTH OF THE NOZZLE MATERIAL *
cC = IN LBS/INCH *
Tk PSIS IS THE SAFETY FACTOR ON THE NGZZLE STRUCTURAL MATERIAL® =
<o PSIA IS THE SAFETY FACTOR ON THE NOZZLE ABLATIVE MATERIAL *
s KL AND K2 ARE EMPIRICAL CONSTANTS IN THE NOZZLE WT. EQUATION #
e FSIINS 1S THE SAFETY FACTOR ON NOZZLE INSULATION *
o DELINS IS THE SPECIFIC WEIGHT OF THE INSULATION IN LBS/IN*%*3 x
2001 CONTUNUE
cC = KeH IS THE EROSION RATE OF INSULATIGCN TAKEN CONSTANT *
cC = EVERYWHERE EXCEPT AT THE NOZZLE CLCSURE IN ILi/SEC *
C » KEN IS THE ERUSION RATE OF INSULATICN AT THE NOZZLE CLUSURE =
C = IN IN/SEC *
C = DLINER 1S THE SPECIFIC WEIGHT OF THE LINER IN LBS/IN®%3 *
cC * TAUL IS THE THLCKNESS OF THE LINER IN INCMES *
C = WA IS ANY ADDITIONAL WEIGHT NOT CONSICEKED ELSEWHERE IN LBS  *
C (1233233333322 T2 22 ARSI ILS LSRR RS 2R 22 R R 2 2 2 22
WRITE (64610) DTEMP s SIGMAP ySTIGMAS 5 X1 9X2y SYCNOM,DCCoPSIC,DELCyL
1CC yNSEG:HCNy SYNNOM 4 PSIS yPSTA 4K14K2,PSTINS,UEL INSyKEHKEN, UL INER, TA
2UL s WA
832 CONTINUE

> 1F(ISO.EQ.0 .OR. Y.GT. 0.0) GO TO 80

> READ(5,505) PMOD,CMOD,PMU,CMU,ALPTS, TAUC
»C Rk ko ke R ke R KR AR AR R KAk RS T kDL
»C % READ IN THE CONSTANTS FUR GRAIN UEFURMATION *
> #%¥NOTE®#% NOT REQUIKED iF [5C=0 *
»C % PMOD 1S THE ELASTIU MODULUS CF THE PRGPELLANT IN PSIA (AT THE *
P % TEMPERATURE TLR) *
S % (40D IS THE ELASTIC MODULUS COF THE CASE (& THE BULK TEMPERATURE =
- OF THE GRAIN) IN LBS/IN%%2

»C * PMU IS POISSON'S RATIO FOR THE PROPELLANT (@ THE BULK TEMPLRATURE®*
ook OF THE GRAIN) *
. % CMU 1S POISSON®S RATIO FOR THE CASE ii 14 BULK TEMPERATURS OF  *
»C * THE GRAIN) *
PC * ALPTS IS THE LINEAR COEFFICIENT OF THERMAL EXPANSION OF THE *
e PROPELLANT IN IN/IN *
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TAUC 1S THE CASE THICKNESS IN INCHES *

(Yol S 231 RS2SR I SRR3R 2222228222222 22222 2222 222232222222 22 2422232222 22222

WRITE(6¢799) PMODe CMQODPMUCMU,ALPTS, TALC

> 80 CONTINUE

90

2

vVvvyvyevyeyvy

9

Cress

Creas
3

CALL AREAS

IFLABS(ZW).GT.0.0) GO YO 20

"FISUMAB.LE.0.0) GO 10 31

X=¢(ABPORT+ABSLOT)/ SUMAB
“nOZ=AT*X/APNOZ*(2 .*(1.+BOT/ 2., *MN1*MN1)/TOP) **ZAP
iF(ABS{MNOZ-MNL)LE.0,002) GO TO 2

. 1=MNOZ

GO T0 90
VNOZ=GAM*CSTAR*MNOZ*SQRT{((2./TOP)**{TCP/BOT))/(1.+80T/2.*NMNUZ*MNO
12))

PRAT=(1.+B0T/2.*MNOZ*MNOZ) **({-GAM/BOT)

JROCK=AT/APNOZ

SUMYA=DELY*{ ABP2¢+ABN2+ABS2)

IF(Y.EQ.0.0) SUMYA=0.0

VC=VC +SUMYA

IF{150.EQ.0}) GO TA 9

RATR=2.%7/00 +« D1/D0

RATR2=RATR*%*?

RATP=(2.*RATRZ2*( 1 .-PMU**2]} /( 1.-RATR2) ) 7{ PMOD*DO* (1 .—-PMUXCMU)/ (CMOD
1#¥TAUC*2, )-PMUF (1. +PMU)+( ]l . ~PMU*¥2)%( ] . +RATK2) /1 1.—RATRZ2))
CONTINUE

[FIY.GT.0.0) GO TO 11

MODIFICATION MADE 177776

PONUZ={QL*RHU*CSTAR*SUMAB/AT)**{1./(lo—N1})*{1l.+(CAPGAM*JROCK) *%2/
12.)%%{N1/(1.—-N1))

IF(PONOZ.GT . PTRANIPONOZ=(Q2*RHU*CSTAR®SUNMAB/AT %% {1, /{1.-N2}))*{]l.+
L{CAPGAM*JROCK ) *%2/2 . ) *#x(N2/{ 1.-N2)})

MO IS=AT*PONOZ/CSTAR

P2=PONOZ

PONOZ2=PONOZ

PNOZ=PRAT#PONOZ

P4=2.*%MDIS*VNOZ/ 1 APHEAD+APNQOZ) +PNOZ.

IF{GRAINLEQ.3) P4=MDIS * VNOZ/APNOLZ + PNCZ
PNOZ=PRAT#*PUNOZ

PHEAD=2.%MDIS*VNUZ/(APHEAD+APNGZ) +PNQZ

IFIGRAINLEQ.3) PHEAD=MDIS * VNUZ/APNUL + PNOZ
IF{PHEADLE.PTRAN)RHEAD=QL*PHEADX%®N1]
IF(PHEADGT.PTRAN)RHEAD=Q2*PHEAD®®NZ

LIT=MDIS*X/APNOZ

RN 1=RHEAD

PHEADZ2=PHEAD

MODIFICATION MADE 1/9/776
IF(ALPHA) 121,132,131

\

\
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132 IF{PNOZ.LE.PTRAN) RNOZ=Ql*PNOZ%**N]
IF(PNOZ.GT.PTRAN) RNOZ=Q2%PNOZ**N2
GO TO 4
131 IF(PNOZ.LE.PTRANIRNOZ=RN1-({RN1-XC*PNOZ**XN—ALPHA®ZIT*% 8/ (L #* 24F
LXP (BETA®RNLI*RHO/ZIT)) )/ (1. ¢ALPHA®Z | T*% gopETA*RHO/ZIT/ (L** . 2%EXP (8
2ETA*RN1*RHO/ZIT)}))

IF (PNOL.GT.PTRAN)RNOZ=RN1={ (RN1-Q2%PNQO2**N2-ALPHA*2 I T** 8/ (L**,2%*E
LXP (BETA®RNL*RHO/ZIT) ) I/ (1 ¢ALPHA®Z[T*#* 8«BETA*RHO/ZIT/Z(LE~ . EXPLB
2ETA®RNL*RHO/ZIT))))

IF (ABS{RN1-RNOZ).LE.0.002) GO TO 4

RN 1=RNOZ

GO 10 3

4 AVEL=(RHEAU®#RNOZ2)/2.

IF(1S0.EQ.1) GO TO 404

RHO5=RHO

ABPUR6=ABPORT

404 CONTVINUE

IF{Y.GT.0.0) GO TO 7

RN2=RNOZ

RH2=RHEAD

PONJ=PONOZ

OPCDY=0.C

AVEZ2=AVEL

T RNAVE=(RNOZ+RN2)/2.

RHAVE=(RHEAD+RH2)/2.

IF {150.€Q.0) GO TO 8

401 CUNTINUE

ETHETA=(PONOZ/PMOVD ) *(RATP*{ 2. % (PMU*%2-1.)/(1.~RATR2) +PMU*CMU*PMOD*
10072 .%*CMOD*TAUC) ) +{ 1. +RATR2+PMU* (1 .-RATR2-2.*%RATR2*PMU) )}/ (L.-RATR
22))

RHOS=RHO/{ (1. ¢ALPTS* [TGR-TREF) ) *(1.—PONOZ*(1.=2.%PMU)/PMOD))%**3

IF(KOUNT.GE.1) GO TO 405

ABPUORG=ABPORT* (1. +ETHETA®XETH)

8 CONTINUE

[F (PONOZ.LE.PTRAN)MGEN=RHOS* (AVEL1*{ ABPORE+ABSLOT)+Q1*PONOZ **NL*ABN
102)

[F(PONOZ.GT .PTRANIMGEN=RHOS* (AVEL*(ABPCREC+ABSLCT )+ 2*PUNOZ**N2%ABN
10Z2)

DRDY={AVEL-AVEZ2)/DELY

R AR={AVCl+AVE2}/2.

GMAX=1.0)02%MDIS

GMIN=0.9998=MDIS

IFIY.GT.0.0) GO 1O 12

GMAX=1.,001#MDI1S

GMIN=0.999%MDI1S

[F IMGEN.GE+GMIN.ANDeMGEN.LE.GMAX) GC TG 6

M3 IS=MGEN

PONOZ=MDIS*CSTAR/AT
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! Table C-3 (Cont'd)

G0 10 5

RE=2.%MDIS*X*L/((APNGZ+APHEAL) *MU)

IF (IGO.NE.O.AND.Y.LE.V.0) CALL IGNITN

IFIY.LE.0.0) WRITE(6,101) RE

PONJ=PONCZ

CALL OUTPUT

IF(Y.LE..05¢TAU) GO TO 16
SINKLI=VC/{CAPGAM®C STAR)* %2 *RBAR®OPCDY/ 12
MASS=.01#MODIS

ANS4=Y+10.0%DELTAY

IF({KOUNT.CT.0) GO TO 16

IF(ABSISINKL)LEJMASS .AND.ANS4.LE.ANS—XT} GO TO 18

GO Y0 16

DELY=10.*DELTAY

60 T0 55

DELY=DELTAY

YLED=Y

Y=Y+DELY

ANS=TAU-ABS{(2/2.)

MODIFICATION MADE 1/9/76

[F(YoGELANS <AND.KOUNT.EQe0) DELY=ANS-VLEC*0.05*DELTAY
IF{Y.GE«ANScANDKOUNT.EQ.O) Y=ANS+0,05%DELTAY
DELTAT=2.%DELY/{RHAVE#RNAVE)

DELTAT= DELTAT*((l.-PONOZ*(l.—Z.*PHU)/PMUD)*Cl.*ALPTS‘(TGR—TREF)))*
1%3/(1.+ETHETA)

OYETA=DELY* ({1 .+ALPTS*(TGR-TREF) )} *{ 1.—PCNCZ*{1.-2.%*PMU)/PMUID) i**3/
1(1.¢ETHETA)

YETA=YETA+DYETA

IFLISO0.EQ.V) YETA=Y

SUM2=5SUMAB

RN2=RNOZ

RH2=RHEAD

AVEZ2=AVEL

GO Tu 1

MDIS=AT*PONUZ/CSTAR

GO 10 5
OPCDY=(PHEAD2+PONDOZ2 )/ (ENAVE+RHAVE) ¥DROY + {PHEADZ2 +PUNUL2)/ (L ABP2+AB
IN2+ABS2)*2. ) DALY
IFLABSLDPCDY) . 6L DPOUT.ORLYLGELXOUT) GC TC 25
SINKL=VC/(CAPGAMRC STAR )} 2 2%ROARSDPLOY/ 12+ (PHEAULZ#PUNUZLZ )/ 2« # RNAV
LE+KHAVE )/ 2. *[ABP2+ABN2¢ABS2) /{1 2.%(CSTAR2LAPGAM) *52)
STUFF=MGEN-SINKL

MO1S=STUFF

PONOZ=MDIS*CSTAR/AT
IF(YeGEeQa9*(ANS-XT)IPUNCZ=PUNJ+DPCOY*CELY
IF{STUIFeGE «GMINJANDWLSTUFF.LE.GMAX) GO TC 14

GO 10 5

14 P1=PONUZ
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PONJ=PONCZ
PONOZ2=(P1le¢P2) /2.
P2=rONOZ
P3=PHEAD
PHEADZ2=(P3eP4) /2.
P4=PHEAD
MD [S=AT*PONOZ/CSTAR
DELTAT=2,%DELY/ (RHAVE+RNAVE)
DELTAT=DELTAT*{(1l-PONOZ*(1l.-2.%PMUI/PMOD)*(1.+ALPTS*{TGR-TREF)))*
1#3 /(L. ¢ETHETA)
Z=L+DELTAT*( RNAVE-RHAVE)
T=T+DELTATY
IFIY.LT.ANS) CALL OUTPUT
IF(Y.LT.ANS) GO TO 10
IW=L
SUMBA=SUMAB
P1=PONOZ
RH2=RHEAD
RN2=RNUOZ
RAVE=AVEL
ABAAIN=SUMAB
ABTGC=0.0
WRITE(O,51)
2G ANS2=TAU+ABS(ZwW/2.)
KOUNT=KOUNT+1
IF {IKOUNT.EQ.1) CALL QUTPUT
IF(KOUNT.EY.1)GO TO 10
DELYW=DELTAY
DY 2=DELYW
IF(ZW) 32,+32,33
32 IFIYLT.ANS2.AND.ABSIZW).GT.DY2) GO TO 211
SUMAB=ABMAIN+ABIT
GO TO 31
211 SUMDY=SUMDY+DELYW
SUMAB=(1 +#+SUMDY/ZA-DELYW/ (2.%2NW) ) *ABTO- [ SUMDY/ZW-DELYW/(2.%1NW) ) *AB
1IMAIN+ABTTY
GO TO 31
33 IF(Y.LT.ANS2.,ANDIW.GTLDY2) GO TO 21
SUMAB=ABTO+ABTT
GO 10 31
21 SUMDY=SUMDY+DELYW
SUMAB=(1e~SUMDY/ZW+DELYW/ (2.%2ZW) )*ABMAIN+{SUMDY/ZN-DELYW/ (2.%1IK))*
1ABTO+ABTT
31 IF(SUMAB.LE.O.O} PONUZ=PONOL/2.
IF{SUMAB.LE.O0.Q0) GU TO 25
MDIS=AT#*PONUZ/CSTAR
ABAVE={SUMAB+SUMBA) /2.
SUMYA=DELY*ABAVE
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VC=VC +SUMYA

DADY={SUMAB-SUMBA) /DELY

PBAR={P1+PUNDOZ /2.

SUMBA=SUMAB
IF{PBARLE.PTRAN)DPCOY=PBAR®CADY/(1.~N]1)/ABAVE
IF(PBAR.GT.PTRAN)DPCDY=PBAR*DADY/(].~-N2)/ABAVE
PONOZ=PONJ+DPCOY=DELY

IF(PONOZ2 .LE.D0) PONQZ=0.0

IF {PONOZ.LE.PEXY) GO 10O 25

MODIFICATION MADE S/3/76

IF{PONCZ.LE.PTRAN} Q2=Q1

IF{PONDZ.LE.PTRAN) NZ=N1

RNOZ=Q2*PUONUZ*&N2

MODIFICATION MADE 1/9/176

RHEAD=RNOZ

RBAR={RHEAD#+RAVE)/2.

IF(IS0.EQ.0) GO TO 405

GU TO 401

CONTINUE

MGEN=RHOS5% (RNOZ+RHEAD) /2 .*SUMAB

IF(ISOWEVY) MGENL=MGEN®( 1 +ETHETA*XETH)
IF{ISO.EQ.O) MGEN]1=MGEN

GMAX=1.0002%MD1S

GMIN=0.9998%MDIS
SINK1=VC/{CAPGAMECSTAR ) **2%xRBARXDPCDY/ 12 .+PBAR®ABAVE/(12.%( CAPGAME
1CSTAR ) %%2 YR JAR

STUFF=MGEN1-SINKL

MDIS=STUFF

IFISTUFF .GE «GMIN.ANUSTUFF.LE.GMAX) GO TC 23
PBAR=(PL+PUNOZ) /2.

GO TU 22

RHAVE={KH2+RHEAL) /2.

RNAVE=(RNZ2+KRNUZ ) /2.

RH2=RHEAD

KNZ2=RNOZ

PHEAD=PUNOZ

RAVE=RHFAD

Pl=PONUZ

PONJ=PUNOL

MDIS=AT%PONOZ/CSTAR

IF{ABS(DPLDY)oGEDPOUT)Y GU TO 25
IF(Y.GE.XQUT) GO 10 25
DELTAT=2 ., %0ELY/(RHAVE+RNAVE)
DELTAT=DELTAT={(1a-PONUZ¥{1le~2.%PMU}/PMOL)*{ 1.+ALPTS®(TGR-TREF )} )*
1%3/(1.+ETHETA)

I=L+DELTAT®(KNAVE~RHAVE)

T=T+DELTATY

CALL OUTPUT
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GO T0 10

RHEAD=0.0

RN(Z=RHEAD

PHEAD=PONOZ

MD IS=AT*PONOZ/CSTAR

WRITE(6,318)

DELTAT=2,%DELY/{RHAVE®RNAVE)
DELTAT=DELTAT®{(1.,~PONOZ*(1l.~2.%PMU)/PMOD)*(1,.+ALPTS*{TGR-TREF)) )*
1*3 /(1. +ETHETA)

T=T+DELTAT

CALL OUTPUT

TIME=T

DELTAT=.5

TIM=TIME+5,

PHT=PHEAD

$SG=0.0

T=T+DELTAT
PHEAD=PHT/EXP{CAPGAM* 2 2% AT*CSTAR/VC*{T-TIME) *12.)
PONQZ=PHEAD

MDIS=PUNUZ%*=AT/CSTAR

Y=Y+.,5%RHEAD

CALL OUTPuUT

IF(TalTTIM.AND.PHEADGE.D.04)GO TO 29

WP 1=G*SUMMT

WP 2=RHO*{VC-V(C1)%i

WP={WPi+WP2)/2.

IF(ISO.EQ.L} wP=wP]

ISP=1T0OT/ wP

ISPYAC=]ITVAC/ WP

FAV=ITOT/T

FVACAV=ITVAC/T

PONAV=PUNTOTI/T

LAMBDA=(VC-VCI)/VC

WRITE(64102) WPLyWP2 WP PHMAX, ISP, ISPVAC,I10T,1TVAC,FAV,FVACAY,PON
1AV ,VCI.VC,LAMBDA

IF(IwWd.EQ.0) GG TO 903
PMEOP=PHMAX%®( 1 4 +X1%SIGIAP ) *EXP(PIPKAXDTEMP)
SYC=SYCNOM%E (1 «=X2*SIGMAS)

TAUCC=PSIC*PMEGP=DCC/{2.%5YC)
WCC=PI*TAUCCRDCC*DELCHRLCC* (] o+ INSEG-14)%(40.%2TAUCC/LCC))
TAUCD=TAUCC /2.

WCH=245%P [ /2.%0CC*0CC*TAUCD*DELC
WCN=4.5%P1 /2. *0CC*HOCN*TAUCD*DELC

WC=WCC+WCH+WCN

EPSIL=AE/PI/DYT /0T %4,
WN=KLEOTI#DTI/(1et5*SINIALFAN))R((CPSIL-SQRTIEPSIL) )*PMEQP*DT1*PS
LIS/SYNNOMeK2%T*PSI A}
WINS=T#PSTINS*DELINS*DCC*PI*{KEH*IDCC*.40+{S+NS)*TAU/2.+0.15/
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LPSTINS*{LCC-TAUX(S+NS))) ¢KEN*,B80*HCN)
WL=TAUL*DLINER*P[*DCC*(DCC/2.+LCC+HCN)
WI=WCH+AN+WINS+WL+NWA
MM=W [ +WP
2E TAM=nP /WM
RATIO=ITOT/WM
WRITE(6,605)
WRITE(69601) PMEUP ¢ TAUCC ¢ WC o Ny WINS o WL oW1 WMy ZETAM,RATIO
903 CONTINUE
NDUM=1
IF(IPOJNE.O.AND.IPO.NEL2) CALL CUTPUT
901 CONTINUE
IF(1JP.NELO) CALL PLOT (0.0,0.0,999)
sSToP
500 FORMAT(42X,12)
1903 FORMAT(6XeF6e2¢10XeELlLla%elOXsELlLady8XgELlLlady/922X9ELlLla4:9X9ELLe4)
11111 FORMAT{6X,13,7X,13)
602 FORMAT (1HL 42X 21 HCONFIGURATION NUMBER ,13)
493 FORMAT(23F3.1)
491 FORMAT (4X,1149Xe11,9X+11)
493 FORMAT(4Xy11915Xs1611y/97Xe11)
492 FORMAT(// 20X THUPTIINSe/ 413Xe5HIGO= 4 1le/¢13XeSHIWO= o114/ +13Xy5H
$150= ,11)
494 FORMAT(13X:5HIPO= 211979 13Xe L12HNUMPLT(JJ)= 2114151 1Hes12),
2/.13X.‘ITEMP= y12)
11112 FORMAT (13X, *NTAD= %4 13,/,13X,*'NTABY= *,13)
505 FORMAT(TXsEL12.4410XyE12.449XsFBa599X4sFBaS9/s10XeEL2.4910X9FB8.5)
799 FORMAT(//7315Xy 2THGRAIN DEFURMATICN CONSTANTS 2/ 213X,0HPMUO= +E15.4
197 o13Xe6HCHMOD= 4EL1S5ea9 /v 13XyS5HPMU= 4F 8449/ 313X ySHCMU= 9FBa9e /013X,
2THALPTS= 4E15.44/¢13Xy0HTAUC= 4FB.4)
501 FORMAT(7X,F10.0,/,
2 4X9F e 43Xy FTaS593XsF6e3906XeF542¢5XyF0e294Xotllabe/y
126X 4F6.0)
603 FORMATYL //+20X ¢26HPRUOPELLANT CHARACTERISTICS /413Xy 5HRHU= +F 94647
113XQJHA1='F906','l3x'$HNl='F6.3'/'1)""HALP'4A: 1F6ale/ 9 13X,0HBETA=
2 .Fb.Z./.l’iX.BHMLﬁ olpEll."v/leX,7HCSTAR= 'IPEll.‘Q'/'l3X'.RN2Nl=
2y 1PElLl.4)
502 FURMAT (X FBe2 40X gF0al3aX s FToel2sOXgFGa39TXsFUBaD9TX9F3a5¢/4+410X,
1 F7.2'4X.Fb.2.QX'F(;.Z'BX.FIO.I.(;X,Fti.Z)
604 FORMAT{/ /20K, 2-112A510 MUTOUR DIMENSTUNSe/Z el3Xe3HL= sF8e297 913X e5H]
1AU= (F6e29/913X,4HDLE=
DIPELLedy /913X e5HOTI= 4 LPELL2Go/ 213X THTHETA= 4 IPELL o497/ 913Xy THALP
3HAN=lIPELIQQ’/IX.}X'OHLIAP’J .lPl:ll.‘n/.l3X.4HXI= 'llel.l"/'lBX"tHl
40= J1PE1Lle%+/ s 13XeBHCSTART= 1PELLlaé4 s/ +13Xs THPTRAN= 4 1PELlLle4y/ 13X
SeheHNZ2= L 1PELL.4)
10001 FORMAT(5X,Fl04,0])
700 FORKMATI2F10.4)
701 FURMAT(20Xs'Y= *,1PELL1«%4+10Xo"TGR= ', 1PELl.4)
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503 FORMAT(TX s F6e3 45X FTa2¢TXoFTa2eTXFS5:¢493XeF6.293X9FB8.04/0
15X e FTla s BXoF8a5e5X3F8a29TXoFT1e305X9FTaS9/35XeFTa3¢5X4FTady
25X Fb6al)

10002 FORMAT(13xy'TGR= ',1PEll.4)

606 FORMAT(//415X+2THBASIC PERFORMANCE CONSTANTS./¢13X,8HUELTAY= (F6.3
1o/ 013Xe6HXOUT= 4F8a22/913X,7THOPOUT= 4F8elo/ 413Xy THZETAF= FTo44/H1
23X.4HTB= .Fb.l./,l3X.4HHB= 1F8.0./913XQSHGAM= ,F7.4|/'13XQ7HERREF=
3 FBe59/s13X6HPREF= 3FB8e24¢/ 413X THOTREF= ,FT7.3
¢/313X96HPIPK= ¢F8e59/¢13Xp4HA2= 4FBa54y/213Xs6HTREF= 4FTa39/913X,6

i SHGAME= oFTe%s/+213X36HPEXT= ,f6el)

97 FORMATI3X s FTalgOXoFbabsOXoFBaloTXeFTel sTXsFTals6XoFSe39/94X:F%.2,
1 7XQF701'9XQF5¢3' 7X|F7.3) ‘

842 FORMAT (20X 18HIGNITION CUNSTANTS /913X e4HKA= sFTals/+13Xe4HKB=
1 F7.4,/.13X.SHUFS= 2F3ely/e13X46HCSIG= .F?.l,/.l3x.bHPMlG= [

2 F7.l./.l3X.SHTll= 9F6.3plul3x'5Hle= .F5.2.1'13X.6HRRIG= )
3 FB8al9p/913X,BHDELTIG= 9F0.34/913X6HPBIG= ¢FT7e34//)

600 FORMAT( 21XeF6.2y10XsF6a3310XsF6e3,6X9F5425/95X93F5.2,10X,F10
Le2 90 TX g FT el 90 IXgF 92 0BXeF0a3 9/ s X9FBe298XsFaea03TXyFlalslOXsFl0e298Xy
2F5 .20/ 0TX9FD5e2 00X oFT ey OXgFTalelO0XsF542¢10XsFTaloe/06X9FTeateTXsFTe4
3910X9F7eadeBXeFTad6X9F9.2)

610 FORMAT{ 20Xy LOHINERT WEIGHT INPUTS/ 13X,

L7THOTEMP= 4 1PELlle4e/ 913Xy 8HSIGMAP= 41PELlla4e/413Xy8HSIGMAS= ,1PELL.
249 /213X 4aHXL= ¢lPELlla@y/ 2 l3X4HX2= olPELLe%s/ 913Xe8HSYCNO = plPEll
3.4'/'13X,5HDCC= elPELL.49/413X4,6HPSIC= 'IPE11.4'/913X16HDELC: OIPE
4114497 ¢13Xs5HLCC= s lPELLe% s/ 913X, 6HNSEG= +1PELLl.4%4s/ 9 13Xs5HHCN= 1P
S5ELlLle4y/ sy 13Xy BHSYNNUM= J1PELLe4y/ v 13Xe6HPSIS= 3 1PELlLla4s/ 913X6HPSIA
6= 'IPEII-4'/013X'4HK1= 'lpﬁllo49/'13Xg4HKd= '1PE11041/913XQBHPSIIN
1S8= '1P511-49/'13XQ8HDELXN5= .IPEll.éo/yIBX,SHKEH= leEll.é./'lBX.S
BHKEN= ¢ 1PELlle4 s/ 913X s8BHOLINER= p1lPE1lle%s/+113X,6HTAUL= 4 1PELlle4s/0l
93K ;4HWA= ,1PEll.4)

101 FORMATI///7 933X 429 H %ot e ek e e ke e e ek ke, /.33, 29H** %%k E£QUI
ILIBRIUM BURNING 2% %,/ 33X ,20He®sxaxhx o sk hhrhkxenxkekx,// 30X,
225HINITIAL REYNOLUS NUMBEK= ,1PEll.4)

51 FORMAT (37X 23Hkbkkikknkbkdhiknnkhibxtd,/, 37Xy 23H*&%%TAIL OFF BEGINS
1%k, /3T Xy 23k ko khhhaRahxknkk, //)

318 FORMATH{ATX )23 H¥exvtkttkahhkkbdhnbnhnik, /37X, 23HBEGIN HALF SECOND T
LRACE ¢/ 937X g2 3H ¥k xoi ke ik X penxtencak, // )

102 FORMAT{LI3Xy5HAPL= y1PE11le4s/ y13X95HnP2= o1PELLla4y/v13Xy4HAP= LLIPEL
lle4e/ o 13X THPHMAX= ¢ LlPEL1Lla4y/ 913Xe2HISP= 4 1PELLle44/913XyBHISPVAC=
2olPELYatey/ 913X 6HITUT= J1PEL L1469/ 913X IHITVAC= 4 LPELLe4%y/ 913X 4HHF
3AV= s IPELlLle4v/ o13X8HFVACAV= L 1PELL .44/ 413Xy 8HPONAV= 4 1PELlLle4e/ 0l
23Xy SHVEI= o lPELlLle% e/ ¢ 13X45HVCF= (1PELla4s/+13X,8HLAMBDA= 41PE)Ll.4)

605 FORMATU///+42X25HMOTOR WEIGHT CALCULAT IUNS)

601 FORMAT{13X,23HMAX EXPECTED PRESSURE= 2 1PElle4ye/ 13Xy 28HCYLINDRICAL
1 CASE THICKNESS= s 1PELlLle4ys/ y13X,9HCASE wl= 2 1PELL.%9/+13Xel1HNOZIL
2E WT= 41PELLl.a4s/413Xy15HINSULATICN WT= 4 1PELllety/y13Xe LOHLINER WT=
3 JIPELL.4y /13X 16HYUTAL INERT WT= 41PEll.%e/+13Xs20HTOUTAL MOTUK W
GEIGHT= 1lPELllea4y/ v 13X, THZETAM= ,1PEL1Ll.4y/y13X,21HRATIO OF 1T0T TO

5WM= 4 1PEll.4)
END
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SUBROUTINE AREAS
EEEEERREER AR SR RL RN KA KR RRER S AR R B EERAR KRR SRR RS RRRE AR KR SR AR SR SRR R KX

* SUBROUTINE AREAS CALCULATES BURNING AREAS AND PORT AREAS FOR =¥
* CIRCULAR PERFORATED {C.P.) GRAINS AND STAR GRAINS OR FOR A &
* COMBINATION OF C.Pe AND STAR GRAINS *

SRR E XU AR SR EE SR AR KRR S SRR AR EEE XX SR AR X SRR R EE XK R SRR SRR E KR E KK S E ¥
INTEGER STAR,GRAIN,QRDER,COP
REAL MGENyMDISsMNOZoMN1,JROCKyNyLoMEL,ME, ISP, ITOT,MUyMASSy1SPVAC
REAL LGC I LGNIgNSoeNNgNPLGST ¢yNTLTPyLGC,LSHyLF
REAL M2yMDBARy ISP2,ITVACsL1eL2yLFW,LFWSQD
COMMON/CONSTL1/ZwoAEsAT,THETA ALFAN
COMMON/CONST3/SyNSyGRAINNTABY NCARD
COMMON/CONST4/0ELDI «DO420,DI
COMMON/VARIAL/Y s T4DELYDELTAT,PONOZ PHEAD,RNOZ,RHEADSUMAB, PHMAX
COMMON/VARI A2/ ABPORT ,ASSLOT  ABNOZyAPHEAD »APNOZyDADY , ABP2)ABN2yABS2
COMMON/VARIA3Z/ITOT 2 ITVAC o JROCK ISP, ISPVAC,MDIS,)MNUL, SG,y SUNMT
COMMON/VARTA4/RNT 4KHT o SUM2¢R19R24R3yRHAVE+RNAVEsRBAR »YB+KOUNT ,TL
COMMON/VARI AS/ABMAIN,ABTO,SUMDY VCI ABTT ,PTKAN
COMMON/VARIAB/YDI
COMMON/VARITI2J0/YETAXETH, 150
ODATA PlI/3.14159/
ABPC=0.0
ABNC=0.0
ABSC=0.0
ABPS=0.0
ABNS=0.0
ABSS=0.0
DABT=0.0
S6=0.0
vCIT=0.0
ANUM=P1 /4,
P1D2=P1/2.
RNT=RNT+RNOL*DELTAT
RHT=RHT+RHEAU*DELTAT
IF(Y.LE.OOO) AGS=0.0
K=0
IF(ABS({ZW).GT.0.0) K=1
Y=Yy
2 IF(KeEQe2) Y=YB+ABS(ZW)/2.-SUMDY/2.
IF{IS0.EQ.0) YETA=Y
I(Y.LE.0.0) READ(5,500) INPUT,GRAIN,STAR,NT,CRDER,COP
312 ISR E IS RS LSRR RSS2 S22 2 RS2 % 20
% ReAD THE TYPE OF INPUT FUOR THE PRUOGRAM AND THE BASIC GRAIN
CONFIGURATION AND ARRANGEMENT
VALUES FOR INPUT ARE
1 FOR ONLY TABULAR INPUT
2 FOR ONLY EQUATION INPUTS (EQUATIONS ARE BUILT

L K K- B
L BE B B K
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VALUES FOR GRAIN ARE
1 FOR STRAIG

0 FOR STRAIG
1 FOR STANDA

3 FOR WAGON
VALUES FOR NT ARE

GRAIN IS ARRANGED
1 IF DESIGN
2 IF DESIGN
3 IF DESIGN
4 IF DESIGN
**ENOTE**%x [F
1000 CONTINUE
*ExENOTE®®% IF

HEMISPHE

CONICAL

' Xz aXskaXa aiaXa e taXaXakaXakaXakataXaakataRaXataakataXaks

*
*
*®
*
*
t
L
*
*
x
*
*
*
*
*
* VALUES OF ORDER ESTABL
*
*
™
*
=
*
]
*
x
%
*®
x
&
*
*
*

[F(Y.LE.O0.0) WRITE(6,607)
IF(YLE.Q.0) WRITE(64600)
IFLINPUTLEQ.2) GO TO 12
IF{Y.LE.0.0) GO TO 6
[F(K.EQ.2) GO TO 91
IFIK.EQ.1)Y=YB
IF(YTLLELY) GU TO 8

9 DENOM=YT-YT2
SLOPELl=(ABPK-ABPK2)/DENUM
SLOPE2=(ABSK—ABSK2) /DENOM
SLOPE3={ABNK-ABNK2)/DENOM
SLUPE4=(APHK-APHKZ2 ) /DENGM
SLOPES=( APNK-APNK2)/DENUM
Bl=ABPK-SLOPEL*YT
82=ABSK~SLOPE2*YT
B3=ABNK-SLOPE3*YT

HT C.P.

HT C.P.
RD STAR

2 FOR TRUNCATED STAR

WHEEL

ISH HOW

IS STAR
IS C.P.
IS C.P.
IS STAR

GRAIN=2,
VALUES FOR COP ARE (APPLICABLE TO C.P. GRAINS ONLY)
0 IF BOTH ENDS ARE CONICAL CR FLAT
1 IF HEAD END IS CONICAL OR FLAT AND AFT END

RICAL

OR FLAT

INTO THE SUBROUTINE)
3 FOR A COMBINATION OF 1 ANC 2

GRAIN

2 FOR STRAIGHT STAR GRAIN

3 FOR COMBINATION OF C.P.

VALUES FOR STAR ARE IWAGON WHEEL IS CCNSIDERED A TYPE OF
STAR GRAIN IN THIS PROGRAM)

GRAIN

AND STAR GRAINS

0 IF THERE ARE NO TERMINATICN PORTS
X WHERE X IS THE NUMBER OF TERMINATION PORTS
A COMBINATION C.P.

AT HEAD END AND C.P.
#7 HEAD END AND C.P.
AT HEAD END AND STAR
AT HEAD END AND STAR
GRAIN=1y VALUE CF ORDER MUST

VALUE CF GRDER MUST

2 IF BOTHH ENDS ARE HEMISPHERICAL
3 IF HEAD ENU IS HEMISPHERICAL AND AFT END IS

AT
AT
AT
AT
BE

BE

INPUT,GRAIN,<TAR,NT,CRDER,COP
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NOZZLE
NOZZLE
NOZZLE
2

4
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*
x
&
*
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B4=APHK-SLOPE4*YT
B5=APNK-SLOPES*YT
ABPT=SLOPEL*Y+B1l
ABST=SLOPE2%*Y+B2
ABNT=SLOPE3*Y+B3
APHT=SLOPE4*Y+B4
APNT=SLOPES*Y+8B5

Yg=Y

91 IF(INPUT.EQ.3)

GO TO 52
6 READI5,507)
NCARD=NCARD+1

GO T0 3 .

YT ABPKyABSKyABNKy APHK yAPNK,VCIT

EREEREREERE RIS K ARG R BB R BRI ARG E R AR AR PSR AL BB SR LRI AR RR R SRR R R KR KR K
READ IN TABULAR VALUES FUR Y=0.0 (NOT REQUIRED IF INPUT=2)

ABPK IS THE
AB3K IS THe
ABNK IS THE

APNK IS THE
VCIT 1S THE

BURNING AREA IN THE P0RT IN IN%*%2
BURNING AREA IN THE SLOTS IN I[N%*%2
BURNING AREA IN THE NOZZLE END IN IN%®%2

PORT AREA AT ThHE NOZZLE END IN IN%*%2
INITIAL VOLUME UF CHAMBER GASEs ASSOCIATED WITH

TABULAR [INPUT IN IN%%*3
AR R AR E R R LUK R OB AR B RN T U R XA U EA R R BRI R R R ER SRR E SRR A ST AR KK

%
x
*
*
* APHK 1S THE
&
%
4
%

WRITE(6,610)

*
*
x
*
&
PURT AKEA AT THE HEAD END IN [N%xg *
*
%
&®
x

WRITE[6+4583) ABPKoABSKyABNKAPHK yAPNK
WRITE(64584)VCIT

ABPT=ABPK
ABST=ABSK
ABNT=ABNK
APHT=APHK
APNT=APNK
YT2=YT
IF(INPUT.EQ.3)
vCil=VvCIT
6O TU 52

8 YTI?2=Y1
ABPKZ2=ABPK
ABNKZ =ABNK
ABSK2=A0SK
APHK2=APHK
VNK2=APNK

READ(5,505) YT,

NC ARD=NCARD+1

GO T0 3

ABPK,ABSK ) ABNK,APHK yAPNK

L2 RS-SRS LRSS SRS EEEESEEE SIS RERRS2R 222222 RS RS S T

% READ IN TABULAR VALUES FOR Y=Y (NOT KEQUIREU FOR INPUT=2) «x
¥ (NOTE THAT TABULAR VALUE CARDS FUR Y GY O CO NOT IMMEDIATELY =
* FOLLOW THOSE #0OR Y EQ O IN THE DATA DECK) %
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AEEREERE AR EREEBR N KRR R R R R B ER R R RS SRR RN RAE R ARG SRR RN AR AKX RS E S KR RS ERERE K
WRITEL6,611) YT
WRITE(6,583) ABPKyABSKyABNK ¢ APHK » APNK
GO 10 9
12 ABPT=0.0
A3NT=0.0
ABST=0.0
3 IF(GRAIN.NE.2) GO 10 4
ABPC=0.0
-ABNC=0.0
ABSC=0.0
GO TO 7
4 IF(YeLE40.0) READ(55501) DOyOL4OELD1¢S,THETAGILGC I ¢LGNIyTHE TCNy THE
1TCH
AR EE RS R AR KRG R R R E R R SRR R e E Rk R ARk kb b e R R h bR eSS b ko Rk b kb h bk xRk ke %
READ IN BASIC GEOMETRY FOR C.P. GRAIN (NOY REGUIRED FOR
* STRAIGHT STAR GRAIN)
* DO IS THE AVERAGE CUTSIDE INITIAL GRAIN UIAMETER IN INCHES
* 01 IS THE AVERAGE INITIAL INTERNAL GRAIN CIAMETER LN INCHES
* DELDL IS THE DIFFERENCE GETWEEN THE INITIAL INTERNAL GRAIN
* DIAMETER AT THE NOZZLE END OF LGCI AND DI IN ENCHES
* S IS THE NUMBER OF FLAT BURNING SLOT SICES (NOT INCLUDING
* THE NOZZLE ENDI
* THETAG IS THE ANGLE THE NOZZLE END GOF THE GRAIN MAKES WITH
* THE MOTOR AXIS IN DEGREES
* LGCI IS THE INITIAL TOTAL LENGTH OF THE CIRCULAR PERFOURATION
* IN INCHES
* LGNI IS THE INITIAL SLANT LENGTH OF THE BURNING CONICAL
* GRAIN AT THE NOZZLE END IN INCHES
* THETCN IS THE CONTRACTION ANGLE OF THE BONDED GRAIN [N DEG.
* THETCH 1S THE CONTRACTIUON ANGLE AT THE HEAU END IN DEGREES
2322223 R 22233 F SIS 2 222222222 22232232222 RS2SRRSR R R R LR S
IF{Y.LE.0.0) WRITEL6,601) DO,DI,DELDL,Sy THETAG,LGCI LGNI, THETCN, TH
1ETCH
IF (Y.LE.O0.0) THETAG=THETAG/S7.29578
IF (Y.LE.0.O)THETCN=THETCN/57.29578
IF {YeLELO.O)THETCH=THETCH/ 57429578
D0SQD=00%00
DISQD=DI#*DI
BNUM=ANUM®DOSQD
TLL=TL
F (JRDER.GE.3) TLL=0.0
YDI=2.%Y+DI
YOISQD=YDI*YDI
AB SC=S*ANUM# (DOSQU-YDISQD)
1F(ABSC.LEL0.0) ABSC=0.0
IF(YDL.GT.DO) GO TO 100
IF{THETAG.GT.0,08727) GO TO 101

[ R R BE SR NE L F BE BE SR B BE B K N
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IF(COP.EQ.0) GO TO 700
IF{COP.EQ.1) GG TO 701
IF{COP.EQ.2) GO TO 702
CHCK1=D0OSQL~-YDISQD
IF(CHCKLl .LT.0.0) CHCK1=0.0
LGC=LGCI-(SQRT{O0OSQD~-DISQD)-SQRT(CHCK1)) /2.-Y*COTANITHETCN)
GO 10 710
702 CHCK1=DOSQD-YDISQD
IFICHCKL L T<0.0) CHCK1=0.0
IFICHCK]l «LT«0.0} CHCK1I=0.0
LGC=LGCI-{SQRT{DOSQD-DISQDI-SQRT{CHCK1))
60 TO 710
701 CHCK2=00SQD-{YDI+DELDI)*%*2
IF{CHCK2.LT«0e0) CHCK2=0.0
LGC=LGCI-(SQRT(DOSQU-(DI+DELDI)**2)-SQRT{CHCK2))/2.
1-Y*COTANITHETCH)
GO 70 710
700 LGC=LGCI-Y*(COTAN(THETCN)+COTANITHETCH))
710 ABPC=PI*YDI*(LGC~TLL-S*YETA)
ABNC=0.0
GO TO 732
101 CONTINUE
IF{COP.EQ.0.0R.COPLEQ.L} GO TO 720
CHCK1=DASQL-YDISQD
IF(CHCKl.LTL0.0) CHCK1=0.0
ABPC=PI%YDI*(LGCI-{SURT({DOSQO~DISQLI-SQRTICHCK!))/2.-TLL
2={ S+TAN(THETAG/2.1 1*YETA)
GO 7O 730
720 ABPC=PI%*YDI*{LGCI-Y*COTANITHEYCH)-TLL-IS+TAN(THEVAG/2.))%*YETA)
730 IF(COP.EQe1.0OR.COP.EQ.2) GO TU 731
ABNC=PI* (LGNI-Y*COTANITHETAG+THETCN)-Y*TAN(THETAG/2.) ) *(DI+
1 DELDI+Y+LONI®*SINITHETAG)+Y*SIN(THETCN) /SINITHETAG+THETCN))
GO TO 732
731 IF({Y.LE.0.0) GO TO 7311
GO YO 7312
7311 R7=((DI+DELLY) /2. +LGNI*SIN(THETAG) }*COSITHETAG)-SIN(THETAG)*
1 SQRTI(DU/2e) %% 2= ((OI+DELDI) /2. +LGNI*SIN{THETAG) ) *%2)
7312 IF(RT+Y LT (DO/2.)%COSITHETAG)) GO TO 11111
ABNC=PI={LONI+(1o/SINI(THETAG))=x((0U/2+ )=LGNI*SIN(THETAG)
1-({DI+DELDIN/2.)-Y*COTAN(THETAG)-Y* TANITHETAG/2.))%((DI+DELDI)
2/2.¢4Y+¢D0/2.)
GO TO 22222
Lilll RPR=SQRT(((D0/2.)%%2)~R7#x2)=SQRT{[IDO/2)%%2)=(RT+Y)%%2)
ABNC=PI* (LONI-RPR=Y*TAN{THETAG/2. ) )*{(DI+DELDI)/2.4+5QRT((DO/
1 23 %%2—=(RT4Y ) 222 ) %SIN(THETAG)I+Y+{(RT+Y) *CUS(THETAG))
22222 CONTINUE
732 IF(ABPC.LELU.U) ABPC=0.0
IF (ABNC.LE.D0.0) ABNC=0.0
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GO TO 5

ABNC=0.0

ABPC=0.0

DH=D1-20
APHT=ANUM® { DH¢2 ., *RHT ) *%2
IF (APHT ,GE.HBNUM) APHT=BNUM
IF{K.LT.2) APHT1=APHTY
APNT=ANUMX (DI ¢DELDI ¢ 2. ¢RNT } %2
IFLAPNT .GE.BNUM) APNT=BNUM
IF{GRAIN.NE.1) GO TO 7
ABPS=0.0

ABSS=0.0

ABNS=0.0

GO TO 50

T IF(Y.LE.0.0) READ({5,+502) NSoLGSI,NP,RCoFILL,NN
SEAEE KX RA AR SRR AR KR A EEXRER CERRBERERREEE R S S SXE A KRR R AR E AR X E R S AR KR KRS

*
x
*
*
*
L
&
*
x
E

READ IN BASIC GEOMETRY FOUR STAR GRAIN (NCT REQUIKED FOR
STRAIGHT C.P. GRAIN)

NS IS THE NUMBER OF FLAT BURNING SLOT SIDES (NOT INCLUDING
THE NOZZLE END)

LGSI IS THE INITIAL TOTAL LINGTH OF THE STAR SHAPED
PERFORATED GRAIN IN INCHES

NP IS THE NUMBER OF STAR POINTS

RC IS YHE AVERAGE STAR GRAIN OUTSIDE RACIUS IN INCHES

FILL IS THE FILLET RADIUS IN INCHES

NN IS THE NUMBER OF STAR NOZZLE END BURNING SURFACES

L SR BN BE BE B BN BE BK

EEEE B ERAF AR KRB LRRCECREE RS R R KRR SR ER KR LR R AR R R R AR SR XA DR KR X R R KRR E D
IF(Y.LE.Q0.0) WRITE(69602) NSoLGSINP,KRC,FILLyNN
PIDNP=PI /NP
RC SQD=RC#*RC
IF(1S0.EQ.1) YE=Y
IF{1S0.EQ.1) Y=YETA
FY=FILL¢+Y
FYSQD=FY*FY
IF(STAR.EQ.1) GO TO 20
[F{STAR.EQ.2) GO TO 201
IF{Y.GT.0.0) GC TO 179

AD(S9421) TAUWW,L1+L2yALPHALALPHA2 yHW

XX E IR REXK XK K EE LA N DR K IR EUACREEL L AR LR XS R AESERRREE R AR XK RS E R R SR EE R & &

* % % B BB+ R

READ IN GEOMETRY FOR WAGON wHEEL (NCT REQUIRED FOR STANDARD
OR TRUNCATED STAR GRAINS)

TAUWW IS THE THICKNESS OF THE PROPELLANT WEB IN INCHES

Ll AND L2 ARE THE LENGTHS OF THE TwO PARALLEL SIDES OF THE
TWO SET” OF STAR POINTS IN INCHES

ALPHAL AND AL/HA2 ARE THE ANGLES BETWEEN THE SLANT SIDES OF
THE STAR POINTS CORRESPUNDING VC L1 ANC L2, RESPECTIVELY,
AND THE CENTER LINES OF THE PCINTS IN CEGREES

HW IS HALF THE wIDTH GF THE STAR POINTS IN INCHES

L B B B BE R B B BN 4
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C #5506 EXR XA SRR XSS X XKL REEFA R R E R SRR R R R XA S X KRR AR EE AR SRR KRR RS SRR RS S S S S S & &

179

i90

181

184

182

222

223

185

WRETE(65422) TAUWWSL19L29yALPHAL,ALPHA2 yHW
AL PHAl =ALPHAL/57.29578
ALPHA2=ALPHA2/57.29578

ALP2=ALPHA2

XL2=L2

LFW=RC-TAUWN-FILL

LFWSQD=LFW*LFW

THETFW=ARSIN{(HWe¢F ILL)/LFW)
SLFW=LFW*SIN{THETF W)

KRKK=0

$6=0.0
ENUM=(RCSQO-LFWSQD~FYSQD)/(2.*LFW*FY)
ALPHA2=ALP2

L2=XL2

YTAN=Y*TAN(ALPHA2/2.)

COSALP=COS(ALPHA2)

SINALP=SIN{ALPHAZ)

IF{YTAN.GT.L2) GO TO 182

IF(FY.GT.SLFW) GO TO 181
SGW=NP*{L2-2.*YTAN+(SLFN-FILL)/SINALP-Y*COTAN(ALPHAZ2) *+FY*

1 (PID2#THETFW)+(LFA+FY)*{PIONP-THETFKW))

GO T0 183

[F{Y.GT.TAUWW) GO TO 184

SOGW=NPE{FY*{PIDNP+ARSIN{SLFW/FY))+i PIDNP-THETFW)ELFNW)

GO TO 183

SGH=NP*FY*{THETFW+ARSINISLFW/FY)=-ARCOSIENUM))

GO TO 183

YPO=-SLFW

IF(ALPHA2,GE.PID2) GO TO 222

s—FILL+L2*TAN(ALPHA2)-Y/CCSALP
XPI={-Q*TAN{ALPHAZ2 )~-SQRT (~Q*J+FYSQD/CGSALP*COSALP ) )*COSALP*COSALP
YP I=XPI*TAN{ALPHAZ) +Q

XPO=(YPO-Q)*COTAN{ ALPHAZ2)

60 TO 223

XPi=yY-L2

YP1==SQRTIFYSQD-XP I*XPI)

XPO=XpP1

FYLS=SQRT(SLFW*SLFW+XPI*XPI)

XPIO2=(XPI-XPO}*(XPI-XPQ)

YPI02=(YPI-YPU)*(YPI-YPO)

1E{FY.GT.FYLS) GO YO 186

IFIY.GE.TAUAW) GO TO 185
SGH=NPX(SQRT(XPIOZ2+YPIOZ)+FY*(PID24THETFW—ARSINIXPI/FY) )+{LFWeFY )%
1 (PIDNP-THETFW))

GO 7O 183
SGU=NP*(SQRT(XPIO2+YPIU2)+FY*(PID2-ARSINI(XPI/FY)—ARCOSIENUM)))
GO TO 183
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186 IF{Y.GT.TAUWW) GO TO 187
SGW=NP*{FY&(PIDNP+ARSIN(SLFN/FY) ) +(PIONP-THETFW)*LFHW)
GO TO 183 ‘
187 SGWA=NP*FY*(THETFW+ARSIN(SLFW/FYJI—-ARCOS (ENUM) )
183 IF(SGW.LE.D.0) SGW=D.0
IF{Y.GT.G.0)» GO YO 188
AGS2=o5%(PI*RC SQD-NP*LFW*SLFW* (COS{THETFW)}~SIN(THETFW) *COTAN{ALPHA
L 2)-2.%(L2+FILL*TANIALPHAZ/2. ) V/LFW)-(PI-THETFWENP)*LFWSQD~2.*NP*F
2 ILL*®(L2¢SLFW/SINALP+LFW*(PIDNP-THETFWI)+(PIONP+PID2~1./SINALP)*
3 FILL/2.0)
AGS=AGS+AGS2
188 CONTINUE
SG=SG+SGW
[FIKKK.EQ.1) GO TO 24
L2=L1
AL PHAZ=ALPHAL
KKK=1
GO TO 190
201 IF(Y.LE.V.0) READ{S5,503) RP,TAUS
2222 222 222222 22 2223 222 S 22 R 22 R RSS2 PR 2R R 22 RS R 2222 22 22 YY)

* READ IN GEOMETRY FOR TRUNCATED STAR (NCT REQUIRED FOR *
* STANDARD STAR OR WAGCN wHEEL) *
* RP IS THE INITIAL RADIUS CF THE TRUNCATION IN INCHES &
* TAUS IS THE THICKNESS OF THE PROPELLANT WEB AT THE BOTTOM *
* OF THE SLOTS IN INCHES *
FEEA R AR KRB E SRR RO B X AR DK A SIS AR RC AR R BE A RB RN S AL KRR KRR AR SR KSR K S X

IF(YelE.O0.,0) WRITE(6,603) RP,TAUS
THETAS=PIDNP
RPY=RP+Y
LS=RC-TAUS~-FILL-RP
RPL=RP+LS
THETS1=THETAS—ARSINIFY/RPY)
IF{THETS1.LE.C.O) GU TO 110
IF{Y.LtE.TAUS) GO TO 103
THETAC=ARSINI{RCSQD-RPL*RPL-FYSQD)/{2.*FY¥RPL))
IF{THETAC.GE«0.0) GO TU 104
IFIY.LT.RC-RP) GO TO 105
$6=0.0
G0 10 14
103 SG=2.%NP*(RPYXTHETSL&LS-{RPY*COS(THETAS~THETSLI)-KP)+P102%FY)
GO TO 14
LG4 SG=2.*%NP®(RPY®THETSL+LS-(RPY*COS(THETAS~THETSL)-RP)+FYXTHETAL)
GO T0 14
105 SG=2.¢NP*(RPY*THETSL+SQRT(RCSQD-FYSUDI-SCRT{RPY*RPY-FYSQD)})
14 IF{YoLE.Q.Q) AGS=PI*{(RCSQD—RPARP)-NP*{PI%FILLSF]ILL/2,4#2.%LS*FLL)
GO TO 31
110 THEYAF=THETAS
THETAP=2,*THETAS
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TAUWS=TAUS
GO 1O 111
20 IF(Y.GT.0.0) GO TO 1791 .
READ(5+504) THETAF THETAP,TAUNWS
BEESEFEEVEREER R R R SRR SR A X R XK E R KRR XSRS E R SRS ER R R AR E R RS R R R K
* READ IN GEOMETRY FOR STANDARD STAR (NCT REQUIRED FOR *
* TRUNCATED STAR OR WAGON WHEEL) s
* THETAF IS THE ANGLE LOCATION OF THE FILLET CENTER IN DEGREES =
* THETAP IS THE ANGLE OF THE STAR POINT IN DEGREES *
* TAUWS IS THE WEB THICKNESS OF THE GRAIN IN INCHES *
22 2122222222232 2 22222222 2 R 2RSSR 222222222222 22222222 22
WRITE(69604) THETAF,THETAP, TAUWS
THETAF=THETAF/57,295178
THETAP=THETAP/5T7.29518
THETAS=PI/NP
THETS1=1.00
111 LF=RC-TAUWS-FILL
1791 CNUM=(Y+FILL)/LF
ONUM=SINITHETAF)}/SIN(THETAP/2.)
ENUM= (RCSQD-LF*LF-FYSQD1/(2.*LF*FY)
FNUM=SIN(THETAF)/CCSITHETAP/2.])
IF (CNUMJLEL.FNUM) GG TQ 106
IF(Y.LE.TAUNSIGO TQ 107
SG=2+*¥NP*FY*{THETAF+ARSINISINITHETAF)/CNUM)~-ARCOS{ENUM))
GO0 10 23
106 IF{Y.LE.TAUNWS) SG=2+*NP*LF*{DANUM+CNUM% [P IC2¢ THETAS-THETAP/2.
1-CUTAN(THETAP/2.) )+ THETAS-THETAF)
IFIY.LE.TAURS) GO TC 23
SC=2¥NPx(FY* [ ARSIN{ENUM) ¢ THETAF-THETAP/ 2. )¢+ LF*ONUM-FY*COTAN{THETA
1P72.))
GO T0 23
107 SG=2.*NP*LF*{CNUM® (THETAS+#ARSINISIN(THETAF)}/CNUM) }+THETAS~THETAF)
23 IF(THETS1.LE.Q.0) GO TO lea
IFIY.LELD.O0) AGS=PI*RC*%2-NPRLF*LF*{SIN(THETAF)I*{COS(THETAF)-
ISINITHETAFY*COTANITHETAP/2.) )¢ THETAS-THETAF+2 . %F ILL/LF*ISIN(THETAF
2VY/SINITHETAP /2 )+ THETAS-THETAF+FILL/{2.2LF)*{PID2+THETAS-THE
3TAP/2.~COTAN(THETAP/Z2.11}))
24 CONTINUE
31 IF(SG.LE.D0.U)} 56=0.0
IF(Ke€Je0eURWKEQa2) SGN=S(
IF(KeLEal) SGH=SG
IF(YeLE.0.0) SG2=5SG
IF{K.EQ.2) GO TC 37
RAVEDT=R1+{SG#S5C2)/2.*RBAR%DELTAT
RNDT=R2+[56+5G2)/2 . *RNAVE*DLLTAT
RHOT=R3+{S5G+5G2)/2 «*RHAVE®DELTAT
R1=RAVEDT
R2=RNDT

OOOMOND
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R3=RHDT
$G2=56
GO TO 38
37 IFIKOUNT.NE.1) GO TO 39
$G3=56
R4=R1
R5=R2
R6=R3
39 RAVEDT=R4#(SG+SG3)/2.%*RBAR*DELTAT
RNDT=R5+#(SG+SG3)/2 .*RNAVE*DELTAT
RHDT=R6+#{SG+SG3)/2 . *RHAVE*DELTAT
R4=RAVEDT
R5=RNDT
R6=RHDT
$63=56
38 ABSS=(AGS-RAVEDT)*NS
IF{ABSS<LE<0.0.0R.S5G.LE.0.0) ABSS=0.0
ABNS=(AGS—RNDT ) #NN )
IF (ABNS.LE«O0<.0.OR.SG.LE.0.0) ABNS=0.0
IF{ORDERLES2) ABPS={LGSI-Y*(NS+NN))*SG
IF(ORDER.LEL2) GO TO 36
ABPS={LGSI-TL-Y*®{NS+NN) ) *56
36 PIRCRC=PI*RCSQD
APHS=PIRCRC-AGS+RHOT
IF{APHS .GE«PIRCRC.UR<SG.LEL0.0) APHS=PIRCRC
APNS=PIRCRC-AGS+RNDT
IF{K.LT.2) APHSLI=APHS
IF(APNS.GE.PIRCRC) APNS=PIRCRC
IF(150.EQ.1) Y=YE
50 [F(NT.EQ.0.0) GO TO 371
IF(Y.LE.Q.0) READI(5,506) LYP,DTP,THETTP, TAUEFF
XA RS REBEREE R AR EEREEREEEAEBRBAEEXES KR SRR RERRREERRERRE R R KRR ERE KK
* READ IN GEUMETRY ASSOCIATED wITH TERMINATION PORTS (NOT *
* REQUIRED IF NT=0) *
x LTP IS THE INITIAL LENGTH OF THE TERMINATION PASSAGES *
* IN INCHES *
* DTP IS THE INITIAL DIAMETER OF THE TERMINATION PASSAGE *
* IN INCHES *
* THETTP IS THE ACUTE ANGLE BETWEEN THE AXIS OF THE PASSAGE *
* AND THE MOUTUR AXIS IN DEGREES *
x TAUEFF IS THE ESTIMATED EFFECTIVE WEB THICKNESS AT THE *
¢ TERMINATION PURT IN INCHES *
¥R ERREERX AR KA KRR EABRKEEREE KR EU SR RA RS RIR R AR R KRR S B A S EB AR K KSR R R R KK
IF(YeLE«OeO) WRITE(64,606) LTF(DTP,THETTP,TAUEFF
THETTP=THETTP/57.29578
DABT=NT#3.14159%«( (DOTP+2.2Y )% (LTP-Y/SINITHETTP))-(DTP+2.%Y)%%2/4 .+
LIY4DTP/2.)%(0TP /2 )% 1a=1./SIN(THETTP) })
[F{Y.GE.TAUEFF) DABT=0.0
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371 IF{Y.GT,.0.0) GO TO 52
IF INT.NE.Q.0) GO TO 45
LTP=0.0
0T P=0,0
45 IF(GRAIN.NE.2) GO TO 49
LGCI=0.0
LGNI=0.0
D1SQD=0.0
DOSQD=4.*RCSQD
. 49 IFIGRAIN.EQ.]1) LGSI=0.0
VO I=1,1%{ANUMSOISQD*(LGCI+LGNI ) ¢+ ANUM*DOSQD-AGS) *
1 LOGSIeNT.LTP&ANUMSDTP*DTP )+ VCIT
52 B3P=0.0
B8S=0.0
BBN=0,0
ABPORT=ABPT+ABPL+ABPS+DABT+BBP
IF{KeLTe2) XETH=ASBPC/{ABPORT +1.,E-20)
ABSLOT=ABST+ABSC+ABSS+8BBS
ABNOZ=ABNT +ABNC+ABNS +88BN
ABTT=ABPT+ABST+ABNT
IFIK.GE.2)} GO TO 55555
SUMAB=ABPORT+ABSLAT+ABNOZ
55555 CONTINUE
IFIK.EQ.Q0) GO TO 99
IF{KLEQas1) ABMAIN=ABPORT+ABSLOT+ABNOZ—-ABTY
K=K+1
IF(K.GT.2) GO TO 69
GO 70 2
69 ABTO=ASPURT+ABSLOT¢AUNOZ-ABTY
99 CONTINUE
IF(Y.GT.0.0) GO TQ 70
ABP1=ABPORT
ABN1=ABNOZ
ABS1=ABSLOTY
70 ABP2=[ABPL+ABPQORT)/2.
ABN2={ ABN1+AdNU/) /2.
A3S52={ABS1+ABSLOY)/2.
IFLINPUT.EQ.L) GO TO 76
GO TO (11472473,74),0RDEK
71 APHEAD=APHSI1
APNOZ=APNT
SG=SGH
G0 10 75
72 APHEAD=APHIL
APNUZ=APNT
56=0.0
IF{GRAINLEQ.3) SG=(SGH+SGN)/ 2.
GO 10 75
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73 APHEAD=APHT1
APNOZ=APNS
SG=SGN
GO YO 75

T4 APHEAD=APHSI1
APNOZ=APNS
SG=SGN
GO YO 75

76 APHEAD=APHT

. APNOZ=APNT

75 Y=Y8B
DIFF=SUMAB-SUM2
DADY=DIFF/DELY
ABP1=ABPORT
ABN1=ABNOZ
ABS1=ABSLOT
IF{ZW.GEL.0.0) GO TO 77
ABM1=ABMAIN
ABMAIN=ABTO
ABTO=ABM1

77 RETURN

500 FORMATIOIXe12+9Xe12:8Xy1296X1F4a0,9%X402,7Xe12)

607 FORMAT(//420Xy 1SHGRAIN CONFIGURATION)

600 FORMAT(13XoTHINPUT= 124/ ¢13XeTHGRAIN= 12,/ +13X96HSTAR= ,124/,13X
1yeHNT= ,F 4,097 913X THORDER= 41247 413X ¢S5SHCOP= ,12,/7)

507 FORMAT({ 6XeF6020l0XgELlLlad ey lUXyELL.49B8XeELlLle49/022X9ELlLa%y
19X+E11.448X4ELlLle4)

610 FORMAT (/13X,40HTABULAR VALUES FOR YT EQUAL ZERQO READ IN)

583 FORMAT(13X,5HABPK=31PELLl+495Xy)SHABSK=y IPEL1Lo%s5X ¢ SHABNK=y1PELLc4,y
1 5Xe5HAPHK=3 1PELL+4+5X,5SHAPNK=1PELLle%s//)

584 FORMAT(13XsSHVCIT=41PELLl.4,//)

505 FORMAT(OX s FT7e3 49X sE1lle9lUXeELL 498X oELLad9/122X9ELlLlo%4e9XeELLle4)

611 FORMAT [/13X,23HTABULAR VALUES FOR YT= ,F7.3,SH READ IN)

501 FORMAT(SXsFB8e2 46X 1FTe399X9FT7a395X9F64209XKeFB8a59/9TXeFBe24TX9FTe249
1XyF8e599XeF8.5)

601 FORMAT (20X¢19HC.P. GRAIN GEOMETRY s/ ¢13X44HDO= yFBa2¢7/+13Xe4HDI= HF
17.3'/.13X.7HDELDI= 'F703'/'13XQ3HS= 1FD.21/vl3x'8HTHETAG= 'F9-5l/l
213Xe6HLGCI= yFB8e29 /313X 6HLONI= yFT4a29/ 913Xy BHTHETCN= (F9.597 913X,
38HTHETCH= ,F9.5,//)

502 FURMAT (X4 F6ea29TXsFBa205XeFa.095XsF8e399X%X9FTe395XyF4a0)

602 FORMAT (15X, 19HBASIC STAR GECMETRY /913Xy 4HNS= +F6e2¢/913X46HLGSI=
19F8a20/¢13Xs4HNP= F5.04/ 9 13X44HRC= yF8e39/913Xs6HFILL= osFT7e39/,13
2Xe4HNN= oF4,0,//)

420 FORMATI3I6XF5e2)+2010XsFT7.5)46X4F5.2)

42c FORMAT (20X 20HWAGON WHEEL GECMETRY ./, 13Xy THTAUWNW= ,F6e2¢/ 913X,

1 4HLL= F642¢/¢13X94HL2= F6e2y/ 413X 8HALPHAL= ,F9.5¢/4+13X,
2 dHALPHAZ= 'F905'/913x"lHHw= 'F602'//,
503 FORMAT(OXyFTa3,47XyFT7.3)
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603 FORMAT(20X,23HTRUNCATED STAR GEOMETRY ¢/ l3Xe4HRP= ,FTa3,/+13X,6HTA
LUS= 4FT.30/7)

504 FORMAT(OXFB.599XyFB8o%98XyFT,3)

604 FORMAT({20X,22HSTANDARD STAR GEOMETRY ./ ¢13X,8HTHETAF= 2F9.5¢/¢13X,8
LHTHETAP= ¢F9.49/ 13X THTAUWS= oF7.3,771)

506 FORMATITX¢FTe23s1XeF6e2010XFB8.5,10X,F7.3)

606 FORMAT(20X¢425HTERMINATION POKY GEOMETRY. /s 13XsSHLTP= 3FT.297¢13X,5
LHOTP= 3F6.2¢/ o 13X EHTHETTP= FB8.5y7+13Xy6HTAUEFF= 2F1.3477)
END
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SUBROUTINE OUTPUT

AR E SRR AR KRR R KA B SR RS X RE AR R R G SRR KRR SRR SRR AR R KRR KBS ER X XXX R K KKK E E

FIE SR SR N B SR I IR IR AR RPAR SRR I NI BE BR NN N BN R OB ONE BE NR OBE L B N B BF BN AR BE N AR N R K BN AN AN

SUBROUTINE OUTPUT CALCULATES BASIC PERFCRMANCE PARAMETERS
AND PRINTS THEM QUT AS A FUNCTICN OF DISTANCE BURNED

(WEIGHT CALCULATIONS ARE PERFORMED IN THE MAIN PKOGRAM)

T IS THE TIME IN SECS

Y IS THE DISTANCE BURNED IN INCHES

RNOZ IS THE NOZZLE END BURNING RATE IN INCHES/SEC

RHEAD IS THE HEAD END BURNING RATE IN INCHES/SEC

PONOZ IS THE STAGNATION PRESSURE AT THE NOZZILE END IN PSIA

PHEAD 1S THE PRESSURE AT THE HEAD END OF THE GRAIN IN PSIA

PTAR IS THE PORT TO THROAT AREA RATIO

MNOZ IS THE MACH NUMBER AT THE NOZZILE END OF THE GRAIN

SUMAB IS THE TOTAL BURNING AREA OF PROPELLANT IN IN*%2

SG IS THE BURNING PERIMETER IN INCHES OF THE STAR SEGMENT
(IF ANY)

PATM IS THE ATMOSPHERIC PRESSURE AT ALTITUDE IN PSIA

CFVAC IS THE THEORETICAL VACUUM THRUST COEFFICIENT

FVAC IS THE VACUUM THRUST IN LBS

F IS THE THRUST IN LBS AT AMBIENT PRESSURE

ISP IS THE OELIVERED SPECIFIC IMPULSE IN SEC AT AMBIENT
PRESSURE

CF IS THE THEORETICAL THRUST CCEFFICIENT AT AMBIENT PRESSURE

vVC IS THE VOLUME OF CHAMBER GASES IN IN#%=%3

MDOT IS THE WEIGHT FLOWRATE IN L8B8/SEC

CFVD IS THE DELIVERED VACUUM THRUST CCEFFICIENT

ITOT IS THE ACCUMULATED IMPULSE IN LB-SEC OVER THE
TRAJECTORY

ITVAC IS THE ACCUMULATED VACUUM [IMPULSE IN LG-SEC

ISPVAC IS THE DELIVERED VACUUM SPECIFIC IMPULSE IN SEC

O CONTINUE

WP IS THE EXPENDED PROPELLANT wEIGHT IN LB

RADER IS THE NOZZLE THROAT EROSION RATE IN IN/SEC

EPS 1S THE NOZZLE EXPANSICN RATIO

ALY IS THE ALTITUDE IN FT

DY IS THE NOUZZILE THROAT DIAMETER IN IN

APHEAD IS THE HEAD END PORT AREA IN IN%%2

APNGOZ IS THE NOZZLE END PCKTY AREA IN IN%%2

COF IS THE CHARACTERISTIC THRUST COEFFICIENT

CFD IS THE DELIVERED THAUST COEFFICIENT AT AMBIENT PRESSURE

ETHETA IS THE TANGENTIAL STRAIN UF THE C.P. GRAIN AT THE BORE

RHO5 IS THE DENSITY OF THE PROPELLANT I[N SLUGS/IN#%*%3 AT THE
CHAMBER PRESSURE AND TEMPERATURE TGR

RATP IS THE RATIO OF EXTERNAL TO INTERNAL PRESSURES ON THE
C.P. GRAIN

RATR2 IS THE SQUARE UF THE RATIO OF BCRE RADIUS TO OUTSIDE
RADIUS OF THE C.P. GRAIN

XETH IS THE FRACTION OF THE TOTAL BURNING BURE SURFACE
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ASSOCIATED WITH THE C.P. GRAIN L
YETA IS THE DISTANCE BURNED IN INCHES FOR THE ENTIRE STAR *
GRAIN AND THE C.P. GRAIN ENDS WHEN THE GRAIN DEFORMATION *
MOODIFICATICON IS IN USE ¥

EXXEEEE RN AR R R E R KRR R X R R R RER AR R ER R E R R R SRR AR ER R AR R KRR ERE R E K EEEE S

REAL MGENyMDIS o MNOZyMN]l ¢ JROCKoeNyLyMELME, ISP ITOT, MUy MASS,1ISPVAC
REAL M2,MDBAR,ISP2,ITVACMDUT,ISPYV
COMMON/CONST1/ZW+AE+AT,THETAALFAN
COMMON/CUONST2/CAPGAMME+BOTE4ZETAF,TB,HB 4GAME,CGAME, TOPE, ZAPE
COMMON/VARIAL/Y Ty CELY,DELTATPONOZ +PHEAD)RNOZ,RHEAD ySUMAB »PHMAX
COMMON/ VARI A2/ ABPORT,ABSLOT , ABNOZyAPHEAD,APNOZ+DALCY, ABP2y ABN2,yABS2
COMMON/VARTAZ/ITOT o ITVACyJROCK ¢ ISP ISPVAC,MDISeMNOZy SGy SUMMT
COMMON/VARIAS/ABMAIN,ABTO,SUMDY,,VC]I ABTT,PTRAN
COMMUON/VARIAG/WP24CF ¢ WP ¢ RADERLVEPS VC JFLAST TLAST DT ,PONTOT 4P1
COMMON/VARIAT/TIME oFV, ISPV ,4NX

COMMON/VARIAI/ ETHETAZRHOS yRATPPMOD,CMOD ¢PMUSCMULALPTS ,RATRZ2
COMMON/VARIZ20/YETA XETH, 1S5S0

COMMON/ZIGNYI/KA KB o UFSesRHO oLy PMIGyTILleTI2,CSIGyQ1yN1sQ2sN2
COMMIN/PLOTT/NUMPLTI(16) 4 IPUNDUMNP,IQP

OIMENSION TPLOT(2J30),PNPLOT(200) .PHPLOT(200),FPLOT(200),FVPLOT(200
1) RNPLOT (200) yRHPLOT (2001 ,YBPLOT(200) 4 ABPLOT (2001 ,SGPLOT(200),VCPL
207 (200)

DATA 6/32.1725/

IF (NDUM.EQ.1) GO TO 2

ME1=7.0

NP =NP+}

Y=Y

VC X=V(C

[FIY.LEL.Q0.0) M2=MDIS

MDPBAR={M2+MDIS) /2.

SUMMT=SUMMT +MDBAR*DELTAT

WP L1=G*SUIMT

WP 2=RHO*{VC-VL [} %G

WP=(WPL*WP2)/2.

IF(ISO0L.EQ.L) WP=WP1

PTAR=1./7JROCK
ME=SQRT(2./BOTE*(TOPE/2.%1AE*MEL/AT ) %%(] ,/ZAPE)-1.))
IFABSIME-MEL) .LEL0.002) GO TO 9

ME 1=ME

GO 10 117

CONTINUE

PRES=(1.¢BOTE/2.*ME*ME )% (-GCAME/BOTE)

ALT=HB*(T/T18)%%(T7./3.)

PATM=14.696/EXP(0.43103E-04*ALT)
IF(MODISeLE«OeQ0sORPONOZLELO.0)GO TO 45
COF=CGAME*SQRT (2. *GAME/BOTE®{1l.~PRES** (WCTE/GAME)))
CF=COF+AE/AT®(PRES—PATM/PONOZ)

CFVAC=CF+AE/AT*PATM/PUNUZ
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CFO=(COF*(L.+COSLALFAN))/2.¢+EPS*PRES)*ZETAFEPS*PATM/PONOLZ
CFVD=CFD+EPS*PATM/PONOZ
F=COS(THETA)*PONOZ*AT*CFD
IF{F.LEL0.0) F=0.0
IF(Y<LELO0.0) F2=F
FBAR={F+F2)/2.
FYAC=COS(THETA ) *PONOZ*AT*(FVD
FVBAR=(FV2¢FVAC)/2.
MOQOT=MDIS*G
[SP=F/MDAT
ISPVAC=FVAC/MDOT ~
ITOY=1TOT+FBAR*DELTAT
ITVAC=ITVAC+FVBAR*DELTAT
IF{Y.LE.0.0)PON2=PONOZ
PONBAR=(PON2+PONOZ)/2.
PONTOT=PONTOT+PUONBAR*DELTAT
PON2=PONOZ
M2=MDIS
F2=F
FV2=FVAC
IF (PHEAD.GT.PHMAX) PHMAX=PHEAD
60 TO 47
45 CFVAC=0.0
FVAC=0.0
F=0.0
47T WRITE(6,)1) T,YBoRNOZ,RHEAD PCNOZ +PHEAD +PTARyMNGLZ y SUMAB y5GyPATM,CFV
LAC yFVACyFyISPyCFyVCX o MDOToCFVD » ITOT 4 ITVYAC,ISPVAC WP ¢RADERVEPSALT
2+0T, APHEAD,APNCZ,COF,CFD
IF(1S0.EQ.0) GO TO 200
WRITE(6y5) ETHETA,RHOS5,RATP,RATR2+XETH,YETA
200 CONYINUE
IF{IPO.EQ.0) RETURN
TPLOTI(NP)=T
PNPLOT(NP)=PONGZ
PHPLOT(INP)=PHEAD
FPLOT(NP)=F
FVPLOT(NP)=FVAC
RNPLOT(NP)=RNUZ
RHPLOT (NP )}=RHEAD
YBPLOTI(NP)}=YB
ABPLOT (NP )=SUMAB
SGPLOTINP)=SG
VCPLOT{NP)=VC
RE TURN
2 NP=NPe2
10P=1
DO 1004 I=1,16
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IF {NUMNPLT(I).EQ.1) GO TO 1003
GO TO 1004
1003 GO TO (10+20,930940950955460970975+80,90,95+97+10041104115),41
10 CALL PLOTIT(TPLOT,*TIME (SECS)*,11,PHPLCT,*'PHEAD (PSIA)*,12,
1 PNPLOT,*PONOZ®*¢5¢NPs1,y*DUMMY*,5)
GO TO 1004
20 CALL PLOTITU(TPLOT,*TIME (SECS)*s11+PNPLOT,*PONCZ (PSIA)®y12,PHPLOY
14*PHEAD (PSIA)*412,NPy1,*DUMMY',5)
GO TO 1004
30 CALL PLOTIT(TPLOT*TIME (SECS)*+11,PHPLOT,*PHEAD"®5,PNPLOT
14°PONDZ"y5yNP»3,'PRESSURE (PSIA)*,15)
GO TO 1004
40 CALL PLOTIT(TPLOY,*TIME (SECS)*y11,RHPLOT,*RHEAD (IN PER SEC)',18,
LPHPLOT ,*PHEAD (PSIA)®*,12,NP,y 1, *DUMMY?,S)
GO TO 1004
50 CALL PLOTIT(TPLOT,*TIME (SECS)*,11,RNPLOT,*RNOZ (IN PER SEC)*,17,
1PNPLOT * PONGCZ (PSTA) 'y 124NPy1,*DUMMY*,5)
GO TO 1004
55 CALL PLOTIT(TPLOT,*TIME (SECS)*y11+RHPLOT, *RHEAD® +5,RNPLOT,
1 *RNOZ*,49)NP,3,"BURNING RATE (IN PER SEC)*,25)
GO TO 1004
60 CALL PLOTITV(TPLOT,'TIME (SECS)*y11,ABPLCT,*TOTAL BURNING AREA (SQ
1IN)?y26,PNPLOT "PONOZ®,5,NPy 1,y 'DUMMY?*,5)
GO TO 1004
70 CALL PLOTIT{TPLOT,*TIME (SECS)*411,SGPLOT,*STAR PERIMETER (IN)*,19
1, PNPLOT,*PONOZ® ySyNP, 1,y 'DUMMY?*,5)
GO TO 1004
75 CALL PLOTIT(TPLOT,*TIME {(SECS)*,11,ABPLCT,*TOTAL BURNING AREA (SQ
1IN)*9264SGPLOT»*STAR PERIMETER (IN)*419¢NPy2y 'DUMMY?,5)
GO TO 1004
80 CALL PLOTIT(TPLOT,*TIME (SECS)*y11+FPLOT+*THRUST (LBS)*,»12,PNPLOT,
L1*PONOZ®* y55NPys 1y *DUMMY*,5)
GO TO 1004
90 CALL PLOTIT{TPLOT,*TIME (SECS)*411,FVPLOT,*'VACUUM THRUST (LBS)*,19
1,PNPLOT, *PONDOZ"* y5¢NPy1,*DUMMY*,5)
GO TO 1004
95 CALL PLOTITITPLOY,*TIME (SECS)',L1,FPLOT*THRUST®,6,FVPLOT,
1 *VACUUM THRUST®*,134NP¢43,*THRUST (LBS)',12)
GO TO 1004
97 CALL PLOTIT(TPLUT,*TIME (SECS)*,11,VCPLOT,*CHAMBER VOLUME (IN%#3)¢
1 522yPNPLOT,*PONOZ' +S5eNPy 14 OUMMY*,5)
GO TO 1004
100 CALL PLOTIT(YBPLOT ,*BURNED DISTANCE (IN)*,20,ABPLOT,'TOTAL BURNING
1 AREA (SQ IN)',26,PNPLOT ,*PUONGZ' 45,NPy1, *OUMMY*,5)
GO TO 1004
110 CALL PLOTIT(YBPLOT,'BURNED DISTANCE (IN)*,20,SGPLOT,*STAR PERIMETE
1R (IN)*919,PNPLOY, *PUONGZ"® ¢5)NP¢1y*DUMMY?! 45)
60 TO 1004
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115 CALL PLOTIT(YBPLOT 4*BURNED DISTANCE (IN)*,20,ABPLOT,*TOTAL BURNING
1 AREA (SQ IN)*426+SGPLOT,*STAR PERIMETER (IN)®*,19,NP+2,*OUMMY?,5)
1004 CONTINUE
RE TURN
1 FORMATUIL13X,y6HTIME= ¢FT.2912X33HY= F6.2¢/913Xe6HRNDOLZ= ,1PELLl,4y9H
1l RHEAD= ,1PElle4y9H PONOZ= ,1PELLl.%994 PHEAD= y1PELLe4s/913X,6HP
2TAR= 41PEll.4,9H MNOZ= 4 1lPEll.4+9H SUMAB= ,IPEll.4y9H SG6=
31PELLe49 /913Xy 6HPATM= 1PELL«499H CFVAC= ,1PELlle4y9H FVAC= 4 1PE
‘0[1.’0,9” F= olPElio")/pl3X'6H ISP= QIPEII.QQQH CF= ,1PEll.
54, 9H VC= 4 1PElle4y9H MCOT= 4 1PELlle49/313Xe6HCFVD= 41PElle4e9
6H ITOT= ,1PElle4+9H [ITVAC= ¢1lPELlle4+9H ISPVAC= 41PELlLle%s/ 913X 46
THWP= 91PE11.4,941 RADER= 4 1PE1l.4,9H EPS= 4 1PELll.49H ALT=
8 9 PELLa%y/913X,46iiDT= 9 lPELlie4+9H APHEAD= ,1PEll.4,9H APNOZ= ,1
SPE1ll.449H COF= 1PELlle4s/913X96H CFO= 4y 1PElle4e/)
5 FORMATI(13XsBHETHETA= ,1PEll.4y9H RHOS= ,1PEll.%,9H RATP= ,1PE1l
1l¢49y9H RATR2= ,1PELlle4s9H XETH= ,1PELlle4s+TH YETA= 4 1PElle4,y//)
END
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SUBROUTINE IGNITN

2222 2SR S 2R 22 R ER RS R 22 22 R RS R RS R R RS RS2 ST SR 2 R R R R R R R 2 2 2

%
*x
*
*
*
*
*

SUBROUTINE IGNITN CALCULATES THE PRESSURE RISE DURING *
THE IGNITION PERIOD »

ASIG IS THE IGNITER THROAT AREA IN IN#*%2 *
WIGTOT IS THE TOTAL WEIGHT OF THE IGNITER PFRUPELLANT IN LBS *
MIGAV IS THE IGNITER AVERAGE MASS FLOw RATE OVER THE FIRST ¥
HALF OF THE IGNITER BURNING TINME IN LBS/SEC ¥

PCIG IS THE IGNITER PHESSURE IN LBS/ZIN%%? *
*

EEEF R R R RS LR KR SRR AR KRR KRR SRR R AR RKEE R SR PR AR XA KRR R AR E R R EEEE R E R EE &

REAL K{4)sLoKAgKBy JROCK2J2 yMIGoMIGAVyMSRMyMEyMDISyMNDOZyMNOZI ¢MNIL
REAL N1,N2,MIGAVE

COMMON/CONST1/ZwWoAE2 AT THETAJALFAN
COMMON/CONST2/CAPGAM,ME,BOTE 2ETAF,TB4HB yGAME CGAME, TOPE, ZAPE
COMMON/VARTIAL/Y TIG,DELYyDELTAT,PCNOZ,PHEADyRNOZ yRHEADy SUMAB y PHMAX
COMMON/VARIA2/ABPORT ¢ ABSLOT +ABNQZ,APHEAD s APNOZ,DADY, ABP2,ABN2,AES2
COMMUN/VARTA3/ITOT 4 ITVACyJROCKy ISPs ISPVACWMDISsMNOZySGy SUMMT
COMMON/VARIAS/ABMAIN.ABTC,SUMDY,VCI ABTT,PTRAN
COMMON/IGNL/KA KBy UFSyRHO gL ¢y PMIGyTI14TI2,CSIGQLyNLoQ2)N2
COMMON/ZIGN2/ALPHA +BETALPBIGYyRRIGDELTIGy X, TOP4 ZAP
COMMON/PLOTT/NUMPLT(16) +IPOJNDUNV, EPT,ICP

OIMENSION B(9)

DATA AlyA24A3,A4/a1T74T761=e55148191.2055364.1711865/

ODATA B(1l)yB(2)+8(3),y8(4)sB(5)/00ve9e495737¢1e494296978/

DATA B(6)+1B(T)4B(B)sBID)/e158T764421519~3.050965,3,832864/

AR AR R R R AL EEC R ERRRERRR KRR AR PR ARk ARk R kSR

%

THE A*'S ANU 8B'S ARE CONSTANTS FOR THE RUNGE-KUTTA INTEGRATIUN *

AR R R X AR RS E R U RN A IR KRR R R KR KRR R KR KRR ARk KRR KRk

DATA G/32.1725/
XXX=405%PONOZ

IPLUG=0
PONOZI- "7NOZ
RHEAD! « TAD
RNCZI=-. L

PHEADI=rPHEAD
DELTT=DELTAT
DISM=MDIS
DELTAT=0DELTIG
SUMAB I=SUMAY
MNCZT =MNOZ
MNOZ=9.0
RHEAD=0.0
RNOZ=0.0
MOIS=0.0
AB{=0.0
T161=0.0
PCl=14.696
T16=0.,0
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PCNEW=14.696
SUMAB=0.0
PCIG=14.696
PHEAD=14.696
PONOLl=14.696
SLOPE=SUMABI /L
G2=CAPGAM®CAPGAM
J2=JROCK*JROCK
GJ=G2%)2/2,
MIGAV=,2#%AT/G
AS IG=4 . SMIGAVSCSIG/ (4. *PMIG~RRIG*(TI2-TI 1))
HIGTOT=GeMIGAVE(S5 . 2(TI2-TIl)/6.)

NIGAVE=MIGAV*G

NRITE(6:999) ASIGoWIGTOT,MIGAVE

WRITE(6410)

NNN=Q

WRITE(6,30) PCIG

CALL Ourtpur

CONT INUE

D0 8 N=l,4

IFIN.EQ.1l) PC=PCI]

IFIN.EQ.2) PC=PCI¢+B(2)%K(]1)

IF(N.EQ.3) PC=PCI+B(S)*K{1)¢+B(6)%K(2)

IF(NEGa4) PC=PCI+B(T)*K(1)+B(B)*K(2)¢BI{S)*(13)
TIG=TIGI #+BiN)*DELTIG

SUMAB=ABI+SLOPE*UFS*BIN)*DELTIG

IF{SUMAB.GT.SUMAB! ) SUMAB=SUMASI

PHEAD=PC

IF{MDIS.NE.0.0) PHEAD=PC*{1.4GJ)
IF{PHEAD.LE.PTRAN)RHEAD=QL*PHEAD*%N]

IFIPHEAD .GT.PTRAN)RHEAD=GU2*PHEAD®%N2

IFITIG.LE.TIL) PCLIG=PMIG*TIG/TI]
IF(VIG.GT . TI1 AND.PCIG.GT.PHEAD) PCIG=PMIG-RRIG*(TIG-TI1)
IF(PCIG.LE.PHEAD) PCIG=PHEAD

MIG=0.0

IF(PCIG.GT .PHEAD.AND.TIG.LE.TI2/2.,) MIG=PCIG*ASIG/CSIG
CSTR=KA+KB*P(

MDIS=PC=AT/CSTR

IF(PCLLE.PBIG.AND.IPLUG.EQ.0) GO TO 7

IPLUG=1

MNUZ=MNOZI

PNOZ=PC*(1.-GJ)

ZIT=MDIS*X/APNDZ

RNL1=RHEAD

AZ=ALPHA*.]Txx .8

XL=UFS*TIG

IF(XL.GTLL) XL=L

EX=XL**,. 2¢EXPF{BETA*RNI*RHU/ZIT)

L)
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IF (PNOZ.LE.PTRAN)RNOZ=RN1-{RN1-Q1*PNOZ**N]-AZ/EX)/ (1. +AZ*BETA*KHO/
2{Z1T#EX})

IF (PNOZ.GT.PTRANJRNOZ=RN1-{RN1-Q2%PNOZ #¢N2-AZ/EX)/{ L. +AZ*BETA*RHO/
2(2Z1T=EX))

IF(A3S(RN1-RNOZ).LE.0.002) GO TO 5
RN1=RNOZ

GO 1O 4

MDIS=0.0

MNGZ=0.0

PNOZ=PC

RNOZ=RHEAD

CONTINUE

MSRM=RHO*SUMAB*(RNOZ¢RHEAD)/ 2.
DENOM=(VCI/ (12 .#CSTR*CSTR*G2))*(l.-(2.*K8#PC)/CSTR)
DPDT=(MIG#MSRM-MDI S} 7DENOM

IF(OPDT LT e0e0aaNDPCLTL20.0) DPDT=0.0
K{N)=DELTIG*DPDT

CONTINUE
PCNEW=PCLI+AL*K(1)+A2%K(2)+A32K[3)+A4L*K (&)
PHEAD=PCNEW

IFIMDIS.GT.0.0) PHEAD=PCNEW*(1.4GJ)
PONOZ=PCNEW

XXY¥=A8S{ PONOZ-PONDZIL)
IF(PCNEWLLEL1.001%PCloANDeSUMABLEUQeSUMABLLANDXXY LE.XXX) GO TO 13
AB I=5uUMAB

TIGI=TIG

PCI=PCNEMW

NNN=NNN+1

IF{NNN.GE.5) GG TO 18

GO 10 9

CONTINUE

CALL OuTPUT

WRITE(6430) PCIG

DELVAT=DELTTY

MDIS=D1ISM

SUMAB=SUMAB

PONOZ=PONULE

RHEAD=RHEADI

PNOZ=RNULI

PHEAD=PHEADI

MNUZ=MNUZI

IF(IPO.NE.2.AND.IPO.NE.3}) GO TO 53

NDUM= |

CALL Qufepurt

NOUM=0

CONT INUE

IPT=0

RETURN
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999 FORMAT(///7+20X225HIGNITER SIZE CALCULATICNS,/e13XoS5SHASIG=9FT7e24/y
1 13X, THWIGTOV=4FT7.24/+13Xs6HMIGAV=,FB8.3,///)
10 FORMAT (33X 28HS*EX40E 22X &S ¥ 220k EREE%,/,33X,28H***¢ [GNITION
LTRANSIENT %%32% /33X, 28HER SRR XXX RSS20 X 0k REREREE )
30 FORMAT(13Xy6HPCIG= 41PELLl.4)
END

SUBRJUTINE INTRPLIY TN, TT DY, ICHK)
DIMENSION YIN)},T(N)
N1=N-1
0Y=0.0
IFCICHK) 24243
2 DO 1 I=1,4N1
IF(TT eGETUI)ANDLTT LT T{I¢1)}) DY=L(Y I «Ll)=Y{I))/LTLI*LD-TL1)))
2¥{TTI-T(I1))eY(])
IF(DY .NE.0.0) RETURN
1 CONTINUE
3 D3 4 I=]1,N1
IFATTLETUT) o ANDSTTLGT . T{I+1)) DY=((YII+L)=-Y(I))/ZUTLLI+1)-TLLE)))
2L TT=-TLL) ) &Y (1)
IF(OYNE.Q.0) RETURN
4 CONTINUE
RETURN
END
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SUBROUTINE PLOTIT(XeXHDR oKXy Yy YHDR NY, Ty THOR,NTsNP4NPLOT»DUMMY,ND)
X EERXE ER TR TS SE AR SR E R R SRE RS ES BRI RR TR XX H X EX RSB AR AR XX EE SRS S E SR

SUBROUTINE PLOTIT PLOTS TwC DEPENDENT VARIABLES, Y AND T,
VERSUS AN INDEPENDENT VARIABLE, X
XHOR, YHDR, AND THDR ARE THE HEADINGS FOR THE X, Yy AND T
AXES,» RESPECTIVELY
KXe NYy AND NT ARE THE NUMBER OF CHARACTERS IN THE X, Y,
T AXES HEADINGS, RESPECTIVELY [(MAX OF 32 IN EACH)
NP IS THE NUMBER OF POINTS TO B8& PLCTTED PLUS 2
VALUES FOR NPLOT ARE
1 FOR Y ONLY PLOTTED VERSUS X
2 FOR Y AND T PLCTTED VERSUS X ON SAME AX
WITH INDIVIDUAL SCALES

AND

ES

3 FOR Y AND T PLOTTED VERSUS X ON SAME AXES

WITH SAME SCALES
DUMMY (S THE HEADING FOR THE DOuBLE AXIS (NPLOT=3)
ND IS THE NUMBER OF CHARACTERS IN DUMMY

DIMENSION XHOR(8)+ YHDR{8) yTHOR(8) sDUMMY(B) 4 X{NP)sY{(NP),T(NP)
NX==KX

NM=NP-1

NN=NP-2

IF(NPLOT.EQ.1) GO TO 9

CALL SCALE(T,4.4NN,y1)

CALL SCALE(Xs8.9NNy1l)

CALL SCALE(Y,4.,NNyl)

IF(NPLOT.NE.3) CALL AXIS(Oe¢QesYHDR ,NY 44491804 ,YINM),Y(NP))
IFINPLOT.EQ.3) CALL AXIS{0es0esDUMMY ¢NDy4.9180.2YI(NM),YINP)})
CALL AXIS{OevOe o XHDR¢NX 8o ¢90e¢X{NM) ,X{(NP))

IF(NPLOT .EQ.1) GO TO 12

DO 11 I=14NN

T(I)=-T{1)

D0 13 [=1,4NN

Yil)==v(1)

CALL LINE(Y¢XyNNyl,0,1)

CALL PLOT(040v0.43)

IFINPLOT.EQ.Ll) GC TO 24

IFINPLOT.EQ.2) CALL PLCT{O0.9—e542)

IFINPLOTLEQ.2) CALL AXIS(0as=e99yTHOR I NT94.¢1504oTINM),T(NP))
CALL LINE(T¢XsNNyl1,90,2)

DO 25 I=1,NN

T{1)=-T(1)

DO 26 [I=14NN

Y{Il==-Y(1l)

IF(NPLOT.EQ.1) GO TO 32

CALL SYMBOL(-44354252¢:1¢1+0.90)

CALL SVMdUL(‘Q.ZQ.SZ..102000'0,

CALL SYMBOL(=4e39e659e1:YHDR904,NY)

CALL SYMBOL(-9.15¢e659¢1 ¢+ THDR;90.4NT)

CALL PLOT(B8e5¢0e9-3)

RE TURN

END
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