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NOMENCLATURE

An asterisk before the symbols indicates an input variable. All input
subscripted and non-subscripted variables are listed separately.

English

Symbol Definition o Units Used

ac’bc Major and minor semiaxis, respectively, in,
of grain exterior used in the ovality
analysis.

*al,*a2 Propellant burning rate coefficient above in/sec—psin
and below the transition pressure, re- - '
spectively.

*ac* ;] Pressure sensitivity of C* and vy, re- .

P TP spectively.
*a_ur Temperature sensitivity of C* /°F
a,b Major and minor semiaxis of grain interior, in,
g & respectively, used in ovality analysis.
Abn’Ab ,Abs Total burning surface associated with in?
P nozzle end, port and slot surfaces,
respectively.
*Ab T Burning surfaces (as a function of y) at in?
n nozzle end for tabular input.
*Ab T Burning surfaces (as a function of y) of in?
P port sides for tabular input.
*Ab T ‘Burning surfaces (as a function of y) of slots in?
s for tabular input.
A oA Controlling port areas at head and aft ends, in?
P pn respectively (as a function of y) for
purely tabular inputs.
Cv Coefficient of variation; i.e., the ratio —

of the standard deviation to the mean.

ix



Engliéh
Symbol

C* *C *
n

*C

D*, &p *

%D

*D

*D

* .
Dt ref

*Drp

*f

* *
exh’leyh

*G
op

*h_. . *h

172

*hy

cn
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Definition Units Used
Characteristic exhaust velocity at ft/sec
Tgy and P, and at standard conditions,
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Length average initial diameter of con- in.

trolling length of circular perforated grain.
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nozzle throat erosion equation.
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Thrust 1bf.
Gravitational constant (ft/sec?)1bm/1bf

Integer designating type of grain perforation.

The half width of the first and second set in.
of points, respectively, of a wagon-wheel grain.

Estimated burnout altitude. ' ft.
Axial length of nozzle closure. " in.
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Symbol Definition ) Units Used

*Ieo Integer designating option of ovality -
and malalignment calculations. '

*II Number of steps in the integrations of L
perimeters in ovality analysis subroutine.

*Iop Integer designating type of program input. o

*1 o Integer designating options of plotting <__

P results and obtaining special outputs.
Isp’IT Specific and total impulse, respectively. 1bf-sec/lbm,lbf-sec
*T .1 The initial and final seed numbers, re- .
xi’ xf R

spectively, for the random number generator.
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determining frequency curves.

*21,*22 The length of the two parallel sides of the in.
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of a wagon-wheel grain,
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*LGsi -Initial total length of star-shaped perforated in.
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NOMENCLATURE (Continued)

Definition. Units Used

Estimated length of grain at the aft end at
start of first tailoff having an additional
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xiii
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I. INTRODUCTION AND SUMMARY

This report presents the results of research performed at Auburn
Unviersity during the period May 31 to November 30, 1974, under modi-
fication No. 6 to the Cooperative Agreement, dated October 6, 1969,
between NASA Marshall Space Flight Center and Auburn University. The’
principal objective of the research was to develop a technique for
statistically investigating the thrust imbalance of a pair of solid
rocket motors (SRMs) firing in parallel.

The study of thrust balance and imbalance is of particular interest
with regard to application to the NASA Space Shuttle because two very
large solid motors fire in parallel on the Shuttle. Although a similar
arrangement was utilized in the Titan program with somewhat smaller motors,
because of the differences in the configuration of the Titan and Shuttle,
it is more imperative that the thrust on the solid motor booster stage
be uniform to assure proper guidance and control for the overall vehicle.

Past analyses of SRM reproducibility have been concerned mainly with
characteristics of an entire population of single motors rather than pairs.
Usually a non-time varying parameter such as average thrust and total
impulse has been of interest, the distributions of variables affecting
the parameter are assumed normal in the statistical sense, and cross-
correlation effects are neglected. Reference 1 typifies such an analysis.

For the present investigation the Monte Carlo technique (Reference 2)
was selected. Sets of the significant variables are selected on a prob-
ability basis using a random sampling technique and the imbalance calcu-
lated for a large number of motor pairs using a mathematical model of the
internal ballistics. This method is not limited to normal distributionms
of the input variables. Raw data, histograms, or cumulative distribution
functions may be used for any of forty or more controlling variables to
specify the statistical input. '

Errors arising from neglecting the cross-correlation of variables
are minimized in this study by selecting for the most part completely
independent variables. However, the analysis may be readily extended to
~account for the cross-correlations where they are shown to exist and
when they are calculable. The imbalance is evaluated in terms of six time-
varying parameters as well as eleven single valued ones which themselves
are subject to statistical analysis.

.~ Application of the Monte Carlo method, which requires evaluation of
a large number of motor pairs, is made practical and economical through
the utilization of the simplified computer program for the internal bal-
listics presented in References 3, 4, and 5. Familiarity of the reader
with References 3 and 4 or alternatively with 5, which is a consolidated

-1-



-2-

report on 3 and 4, is assumed. Although the simplified program makes use
of numerous approximations, the effects of the vast majority of the
variables affecting imbalance are represented. Also, the essence of the
phenomena controlling the critical tailoff portion of the thrust trace .
are embodied in the program which has been upgraded during the current
effort to refine the analysis and to incorporate additional input
variables which may now be statistically distributed. It 1s fundamental
to the approach that, in spite of bias in the performance calculated
resulting from the approximations in the ballistic analysis, the bias
will reflect equally in each motor of a pair. Thus the difference in
performance calculations for a pair of SRMs will be of a higher degree
of accuracy than the individual motor calculations assuming that the
significant parameters causing the difference are incorporated into the
model and their effects precisely determined.

Owing to the complexity of the problem it was not possible to include
all variables or give precise representation of the influences of all
those that are included.. Nevertheless, it is felt. that the model developed
yields a good first estimate of the difference in performance between a
pair of SRMs., Early in the study, the sensitivities of performance to
the variation in the various input parameters was evaluated by changing
each variable one at a time a small amount between a pair of SRMs and
computing the performance of each motor. Partial results are given in
the Appendix in the form of pairs of thrust-time traces obtained for each
variable. These traces were obtained directly from the computer output using
the CalComp plotter. Although only very minor performance differences
were obtained in many cases, it was decided that for the Monte Carlo in-
vestigation all but a few of the variables would be statistically determined
in order to minimize cumulative errors that might result from neglect of
a large number of seemingly unimportant variables.

Illustrative of the comprehensiveness of the analysis is the capa-
bility which has been added to calculate as a computer program option
the approximate effects of case and mandrel ovality, eccentricity, and
malalignment. On the other hand, the effects of grain temperature gradient
(as opposed to bulk temperature) variation between rocket motors are not
within the capability of the program to evaluate. However, the ovality
analysis would permit simulation of the approximate results of one special
situation for temperature gradient from which insight into the effects of
this important variable may be gleaned.

The Monte Carlo computer program retains the capability of the pro-
grams of References 3, 4, and 5 to treat segmented configurations with
both star and circular perforated grains present in various arrangements
in the same SRM as well as monolithic grains with either a circular per-
foration or one of the three most common types of star grains., However,
the program is more accurate if most of the grain is circular perforated
as in the Space Shuttle, Also, whereas tabular input may still be used
to specify portions of the burning surface, the statistical input vari-
ables influence only the burning geometry that is computed from the program



equations. Basic assumptions of the program are that the propellant does
not break up and is not extinguished except by being completely consumed
by burning normal to the propellant surface.

Ignition transients are not calculated in the analysis. Howevér,
the variations in the initial equilibrium chamber pressures as calculated
by assuming the grains are completely ignited have been incorporated
along with statistically determined values of ignition delay. It is
believed that this treatment embodies the significant effects of ignition
upon the remainder of the trace. :

Perhaps the greatest limitation of the analysis is its reliance on
the availability of reliable statistical data to specify accurately the
distributions of the numerous variables., For example, there simply have
not been enough SRMs built in the size class of those in the Space Shuttle
stage to provide direct statistical samples. For small motors, where large
populations exist from which data may be directly applied or scaled to
another SRM, documentation of manufacturing variations is often incomplete
or unavailable. In the test cases used in this report, drawing tolerance
limits were taken in a number of cases to represent the ranges correspond-
ing to six standard deviations in assumed normally distributed dimensions.
Hopefully, this research will provide a stimulus for acquisition of
statistical data which will reduce reliance on assumptions of this nature.
As suggested earlier and as is demonstrated in the sample case, the com-
puter program is virtually unlimited in its ability to treat the various
types of statistical distributions.

The program which is written in FORTRAN IV requires approximately
2,000 computer cards not including the data cards necessary to specify the
input variables and their statistical distributions. The compilation time
is approximately 1 minute and 10 seconds on the IBM 370/155 computer. Per-
formance computation time for 1 pair of SRMs using recommended increment
slzes in the several integration processes involved is approximately 35
seconds using the FORTRAN H compiler,

Section II of this report discusses the changes made to the ballis-
tic performance analysis program and also describes how the statistically
distributed variables are treated and sets of random input variables
selected. The basic mathematical details of the ovality and malalignment
analysis are also given. A discussion of the program input and output
is presented in Section III. Although most of the input variables are
defined in References 3, 4, and 5, a complete discussion is given here
for a ready reference and guide to the user in specification of his
problem and the interpretation of the output. Section IV gives the infor-
mation required to operate the program including data card format and the
program listing which contains concise printed definitions of all input
variables along with identification of the statistically determined vari-
ables to serve as a checklist. In Section V a sample study is presented
to demonstrate the setup procedures, format and computational capabilities
of the computer program.



II. ANALYSIS

This section of the report describes the changes and additions that
have been made to the ballistic analyses of References 3, 4, and 5, and
presents the basic elements of the Monte Carlo analysis. Rationale to
the selection of input variables is interspersed throughout the discus-
sion. The section is divided into four parts: the first two parts give
the changes to the '"main" program and the "area' subroutine, the third
part gives the ovality and malalignment analysis and the final part is
the statistical presentation. It is assumed the reader is familiar with
References 3, 4, and 5, and thus in discussing program revisions only
information sufficient to identify the changes and the bases for them is
given. Complete documentation of the program logic and computational
changes is given in the program listing in Section IV. Although a number
of completely new subroutines have been incorporated into the program,
the methods used are straightforward applications of basic statistics and
analytical geometry. Therefore, again concise descriptions of the analyses
and their capabilities and limitations are given in lieu of detailed math-
ematical procedures which can be readily identified from the program
listing.

Internal Ballistics (Main Program)

Inert parts and ignition. The computation of the weights of inert
parts have been removed from the program since the program is now
strictly a performance analysis rather than a design analysis. Also, the
option of calculating the ignition transient by the methods of References
4 and 5 has been removed because the complications of the ignition tran-
sients make a detailed Monte Carlo impractical from a computer requirements
standpoint. However, an ignition delay time has been incorporated as a
statistical variable subject to both random variation and systematic
variation due to the distribution of bulk temperature of the grain. Also,
the initial equilibrium pressure is subject to variations arising from a
number of sources. It is believed that this treatment of ignition embodies
the significant effects of the ignition transient on the remainder of the
thrust time trace,

Throat area. The throat relationship has been modified to account
for Reynolds' number and Stanton's number effects of pressure and diameter
on heat transfer (Ref. 6) as follows: '

S 0.8 0.2

En En ref (Pon/Pref) (D*ref/D*) )
D* = Di* + 2.0 ZEnAt | 2)
A* = 7D*2 /4 3
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Mach number. To account for throat erosion effects, the Mach number
at the nozzle exit from which the thrust coefficient is ultimately derived.
is now recalculated at each time step rather than just initially.

Characteristic velocity and ratio of specific heats. These variables,
C* and y, respectively, are calculated based on. the oxidizer to aluminum
ratio of the propellant Ro which is introduced as a new independent
distributed variable., 1In éﬁis way the cross-correlation between C* and y
has been incorporated. Data for determining separate relationships for
C* and vy as a function of R should be obtained from thermochemical
analyses. The present program uses typical functional relationships obtained
from a linear regression analysis of such data. Similar relationships must
be established to fit the propellant system under consideration. More
rigorously, additional composition components might be included. However,
because of the relatively strong influence of the aluminum on the propel-
lant chemistry the two-component oxidizer to aluminum system should convey
the largest effects of composition on C* and Y. '

Systematic variations in C* and vy have also been incorporated to give
the effects of chamber pressure and propellant bulk temperature on C* and
of chamber pressure on y. The relationships are as follows:

C*ref = C*n exp[ac*T(Tgr—6O)] 4)
ac*
cx = cx_ (P /1000.0) P , (5)
Y =y (P /1000.0) YP (6)
n on )

The detailed attention given to these variables was motivated not only
by the cross-correlation but also by the high sensitivity of performance
to both C* and y as revealed by the sensitivity study discussed in Section
III. The effect of y is largely due to its influence on exit Mach number
and hence thrust coefficient. In the subsonic flow regime, Mach number is
relatively insensitive to variation in y and it is found convenient to neglect
the variations in y resulting from pressure variations in calculating the
Mach number at the end of the grain.

The introduction of Rppg as an independent variable raises the question
of possible cross-correlation with other independent propellant variables,
especially the burning rate coefficient a and density p. When such cor-
relations can be identified they may of course be treated in a manner
similar to that given for C* and y. Although the matter has not been investi-
gated fully as of this writing, it appears that factors such as oxidizer
particle size distributions, amount of burning rate catalyst and other com-
position variables will play a more important role than the oxidizer to



aluminum ratio in fixing the distributions of burning rate coefficient and
density; cross-correlation between Rypg and p are assumed negligible as
have, with somewhat less justification, the correlation between a and p,
themselves. The latter warrants further investigation as it is intuitive-
ly clear that at least a weak cross-correlation exists between a and p be-
cause of the effects of oxidizer particle size distribution on these
parameters.

Burning rate coefficient. Bulk temperature has been introduced as an
explicit variable subject to statistical variation. 1t modifies the burning
rate coefficient: :

a = ace € Xp [(l-n)(wp)k(Tgr-GO)] 7

Also, the program now makes use of two sets of burning rate coefficients
and exponents in recognition of the possibility of separate values applying
above and below a specified transition pressure. In conjunction with this,
the level above which burning of the propellant is permitted was changed
from 30 psia to 5 psia as the thrust of some SRMs may still be significant
at low pressure. Choked flow is still assumed at the lower pressure levels.

Time increments. Several changes were made in the calculation of time
increments for the purpose of obtaining more accurate representation of the
thrust-time characteristics of the individual SRM. First, the time incre-
ment is now calculated from the burning rate and incremental distance burned
using the burning rate that applies during the increment under consideration
rather than the previous increment. This is done except for the purpose of
computing changes in port areas which must be known before the rate is cal-
culated. The error in the latter case is minor and a time consuming iterative
solution is avoided. Also, time values and corresponding output values are
now obtained at the precise y positions that the lengths of grain associated
with X7, and z begin to burnout. These times are identified in the program
printout by "initial tailoff begins" and "final tailoff begins," respectively.
It was found desirable in general to use a y increment (4dy) of approximately
0.001 of the web thickness. This gives good precision in the calculations
and also sufficient values to obtain good graphical portrayals. However, the
smaller increment size introduces a difficulty in satisfying the mass flow
continuity relationship during rapid pressure changes; the effect of such
changes tends to be overestimated in the simplified ballistic model when small
increment sizes are used. In References 3, 4, and 5, this difficulty was
avoided during tailoff by calculating the nozzle end stagnation pressure
directly from the pressure gradient. In the new program, the same method is
also applied to the period involving the burning of the length of grain
associated with Xr, as similar difficulties were encountered in the region
when small increment sizes were used.




Internal Ballistics (Area Subroutine)

During the present study, an error was found in the first expression
for Apnc in Eqs. A4c of References 4 and 5. Specifically the first value
of Ry in the equation should be replaced by

1/2 1/2

[(d,/2)% - 2177 + [ /2)% - (Ry + 2]

and Rj should be replaced by Ry throughout the remainder of Eqs. Adc.
The program listing contains the necessary changes to the computer pro-
gram. It will be noted that additional changes applicable to Eq. A4c
have been made to further refine the closure geometry effects for a
circular perforated grain. Also, application of 4b and c¢ has been modi-
fied in the computer program to avoid the possibility of negative square
roots in terms such as [Do2 - (Di+2y)2)%.

Ovality and Malalignment (Oval Subroutine)

Ovality and lack of concentricity of the grain perforation with
respect to the motor case can clearly influence the ballistic performance
of SRMs during the critical tailoff period. As a first approach to the
problem it is assumed that the burning surface geometry embodying the
effects of ovality and malalignment may be defined by specifying three
radial reference planes - one near the head end of the rocket, one at the
aft end of Ly, and one at the aft end of z5. The reference planes must
intersect the cylindrical portion of the rocket motor case to eliminate
the effect of end closures on the geometric properties to be calculated.
The implied assumption here is that the central portion of the rocket
dominates the influences of ovality and malalignment.

The geometry of the reference planes is illustrated by Figure 1I-1.
To fix ideas, both the exterior and interior (bore) surfaces of the grain
arc assumed to be distorted into aval shaped surfaces from nominally cir-
cular ones. However, as discussed later, with some restrictions and loss
in accuracy, the analysis is also applicable to grains with the star-shaped
perforations treated in the program.

The exterior and interior grain perimeters are next. assumed to be
elliptical and the interior grain surface to remain elliptical as burning
progresses., The latter assumption 1is not rigorous for burning normal to
the surface but the error introduced is insignificant for the small degrees
of ovality to be encountered in practice. Thus, the ellipse defining the
burning perimeter is given.by Equation (8) where y is the distance burned

ng/(ag+ y)2 + yg?-/(bg +y)2=1 4 (8)
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and a, and b, are semi-axes of the ellipse defining the initial burning
grain perimeter. The exterior grain perimeter is expressed in thé co-~
ordinates Xg and Ve of the interior perimeter by the equation

v sina +e )2 2pp 2 - 2222 (9)
(xgcos @ - ysina e )? + (ac /bc )(xgsin a + ygeos @ + ey) a, €))

where a; and b, are the semi-axes of the ellipse defining the grain ex-
terior. The burning perimeter at each reference plane is determined as
follows. Equations (8) and (9) are rewritten in polar coordinates r and
8. The perimeter is determined through numerical integration of the
equation 2

s = [ rdo (10)
0

At each value of © in the integration the radial coordinate of the grain
bore and exterior is computed from (8) and (9), respectively. If the
exterior value exceeds the bore value at the 6 position, r is given the
value calculated for the bore; otherwise, a zero value is assigned.

Burning perimeters for each reference plane thus vary from one SRM to
another as a result of eccentricity of the grain bore and exterior, which .
is specified by the independent variables ey and ey, orientation of the
ovality of the bore with respect to the exterior, and the out-of-roundnesses
of both the bore and exterior. It is possible that some correlation may
exist between these variables in particular cases. However, if the case
is segmented, it would appear that the head end and aft end geometric
features are independent and they are treated as such in the remainder of
this report. On the other hand, in general there should be a close cor-
respondence between the exterior grain gegmetries and the locations of
the bore centers at the aft ends of Ly, and zg, and it has been assumed
that these are identical. The geometry of the interior grain is determined
by the distributed variables Di, zj, and x7,; i.e., these determine the
initial semi-axes and the exterior geometry is determined by D, and z _ where
zc has been introduced to account for axial variations in the outside dia-
meter of the grain. It is clear that the independent specifications of ey
and ey at both ends of tha rocket provides for a statistically distributed
malalignment of the grain bore and exterior.

From the burning perimeter values obtained as outlined above, correction
factors are next calculated and applied to the standard calculations of
perimeter to account for the ovality and malalignment. For this purpose
when solution of the ovality equations indicates that burnthroughs have
occurred at adjacent reference planes, the burning perimeters are assumed
to vary linearly between the planes, When burnthrough has occurred at only
one of two adjacent reference planes, the portion of the correction factor
applicable to each end is weighted in proportion to the corresponding
length that has or has not experienced burnthrough to determine the overall
correction factors (computer symbols: SEN, SEH, CHINAV, CHIN and CHIH).
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It is recognized that the approach represents considerable idealiza-
tion of the general behavior to be expected, particularly with respect to
the assumed qualities of the axial distributions of the parameters between
reference planes. Nevertheless, the model seems to capture the essence
of the performance effects associated with ovality and malalignment. Even
with highly nonlinearly distributed ovality and eccentricities between
reference planes the effects on performance should be roughly the same as
determined here. Also, factors such as the precise shape of the ovals
would appear to play a secondary role in influencing performance variations.

Care has been taken in the above discussion to differentiate between
the grain exterior and the case interior. As far as the equations go the
pertinent item is the grain exterior. Its shape, however, may be influenced
by the case and it is a choice of the user as to whether or not the statis-
tical varilations of ovality of the case alone should determine the variation
in the grain exterior or if variation in insulation thickness should be
statistically combined with the case variation to arrive at the qualities of
the grain exterior.

As mentioned earlier, the analysis may also be applied to star grain
configurations. In this case, the star points are in effect disregarded.
The rationale for this is that by far the most important effects of malalign-
ment and ovality occur just before and during tailoff and are dominated by
the behavior of the remaining propellant web which may be approximated for
this purpose by a circular perforated grain of the same web thickness. The
capability to treat star grains has thus been incorporated into the computer
program, However, it is applicable only when the entire grain is a star
grain. When both circular perforated and star grains are present together,
it is assumed that the circular perforated grains determine the performance
characteristics in as far as the effects of ovality and malalignment are
concerned.

An additional application for the ovality and malalignment is note-
worthy. This has to do with the temperature gradient within the propellant
grain which is an important variable that has not been taken directly into
account in the analysis because no convenient way has yet been found to do
so. Some iInsight into the gross effects of such gradients can be gleaned
by statistically incorporating additional variations in the out-of-roundness
of the grain to represent the general effects of having a biaxial burning
rate which could be different in magnitude and orientation at the two main
reference planes.

Statistical Analysis

This section describes the statistical analysis used in selecting values
for the distributed variables. The basic computational methods as related
to the logic of the statistical procedure used in the computer program are
presented.

The computer routine is designed to accept several different types of
data, perform the specified operations required to obtain a frequency dis-

/
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tribution for each variable, and select a value based on its statistical
frequency curve. The routine is divided into two subroutines. One sub-
routine, "setup,'" is called once and generates the required frequency curves
for the statistical variables given. The other, "input," is called as re-~
quired and provides specific values for each variable given. The latter
subroutine utilizes the Monte Carlo technique for selection of values which
will be discussed later., Figure II-2 is a general flow chart of the setup
and input subroutines.

Frequency curves. The primary task of the setup subroutine is to
obtain a frequency curve for each statistical variable from the data given.
For each variable, the ultimate product of this subroutine, a cumulative
distribution function (CDF), is obtained from its frequency curve. A
CDF is a step function which jumps at regular intervals and is constant
between jump points., At each jump point the magnitude of the jump is the
probability that the variable will be within that interval; thus, as the name
implies, the probabilities are accumulated over the range of the statistical
~ variable. Examples of the types of CDFs produced by the setup subroutine are
shown in Figure II-3. This CDF can be obtained in the present program from
several types of input data, ranging from raw data points to specifying the
actual CDF directly (See Section IV).

Basically, there are two classes of requests allowed for input statis-
tical variables. The first class contains all variables which require little
if any statistical analysis. This includes such requests as to hold certain
variables constant or to obtain the CDF directly from a given histogram, as
illustrated in Fig. II-3A. The other class requires statistical analysis to
obtain the frequency curve, The analysis consists of obtaining the first
four moments of the statistical variable and generating an equation which
approximates the actual frequency curve for the data. The method selected
for obtaining the frequency curve from the first four moments is known as
Pearson's system (Ref. 7). The variables and sequence of calculations were
chosen to parallel those of Pearson's system which is discussed in sufficient
detail in Ref, 7 to permit direct adaptation to a computer program.

Basically, Pearson's system consists of a family of curves with a cri-
terion value used to determine which equation of the family best describes
the data. This criterion value, K, is evaluated as follows:

= - 3)2 - - -
K 81(82 + 3) /4(482 331)(282 381 6) (11
where
- 27, 3
= 2 '
8, = 1,/u, (13)

Here p,, u,, U, are the second, third and fourth moments of the variable
about its fiean, respectively.
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The curve is determined to be one of the three main types as follows:

K<0 l 0 <K<1 I_ K<1

TYPE I I TYPE IV ' TYPE VI

Transitional types exist, but are not incorporated in the present program.

The statistical analysis section of the subroutine initially obtains
the first four moments. It then evaluates K and determines the appropriate
type of curve to use. From these moments and the total number of data
points for each statistical variable, the appropriate parameters for the
proper equation are evaluated. Thus the equation representing the fre-
quency curve is established. This equation is evaluated over the specified
range and using Simpson's rule to integrate the curve, the CDF is obtained
for each statistical variable, as shown in Fig. 1I-6B. The CDF for each
variable is then stored in an array.

Monte Carlo. When called, the Monte Carlo or input subroutine generates
values for all statistical variables. These values are determined based on
the frequency curve for each variable. The Monte Carlo subroutine performs
this function by obtaining a random number and using the CDF array produced
earlier. :

The CDF consists of values from 0. to 1. with corresponding variable (x)
values over the appropriate range. A random number (RANDU) with a value
between 0. and 1. is obtained from the random number generator discussed
below. This value establishes the appropriate CDF value, and the correspond-
ing x value is then selected from the array to fix the proper value of the
variable. Each cime the Monte Carlo routine is called, it determines new
values for all the statistical variables; that is, it selects a new set of
variables for each SRM whose performance is to be analyzed. This is accom-
plished as follows.

In the computer program, the CDF is stored in an array of 100 elements
(a different number of elements may be specified by program changes).
A second array (x) also contains 100 values corresponding to the possible
values which the statistical variable may assume. For any x array value, the
corresponding CDF array value is the accumulated area under the frequency
curve to that point, expressed as a percentage of the total area:

x(N) x(100)

CDF(N) = f f(x)dx/ Jf(x)dx (16)
x(1) x(1) |
where f(x) is the frequency distribution. The values of the CDF array,

thus, will progressively increase from an initial value of zero to a final
value of one at a rate depending on the given frequency curve. To randomly
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select a value for a given statistical variable, the random number generator
(RANDU) is invoked to obtain a random number between zero and one. This
random number is compared against CDF array values until the smallest CDF
value that is larger than the random number is found. The value of the
corresponding element of the x array is assigned as the appropriate random
value for the given statistical variable. The random numbers, obtained from
a rectangular distribution from zero to one, are thus transformed by the CDF
in such a way that as a series of random numbers is selected for a single
variable, the corresponding variable values occur at a frequency correspond-
ing to their probability distributions.

Random number generator. Based on its size, five statements, this sub-
routine would not appear to be worthy of a lengthy discussion. The subject,
however, is quite critical to the statistical portion of this program. With-
out some understanding of the random number generator (RNG) the results may
prove both surprising and less than satisfactory.

The numbers generated by this routine are not actually random numbers,
but rather are referred to as pseudo-random numbers. This fact may cause
a less than comfortable feeling. It turns out, however, that the character-
istics of pseudo-random numbers are adequate for the present purposes. Real
random numbers do not cycle. -The pseudo-random numbers have a cycle, but
the period is reasonably large. For IBM 370 hardware configurations, approx-
imately 230 gelections are made. It is unlikely that this program will be
used extensively enough for this to become a problem. The major consideration
when using the RNG is that it requires a number to initiate the random gen-
eration. After the initial "seed" number, the routine will automatically

reset this number for the next iteration as is done when a new set of variables

is to be selected for an SRM. For any given seed number, the random number
produced is always the same and the new seed number generated will also be
equivalent, Thus, if one hundred random numbers are generated from a given
initial seed number, the same, exact set of numbers will be generated given
that same initial seed number. Often this is a useful characteristic; how-
ever, it 1s essential to understand that to obtain two different sets of
random numbers, two different initial seed values must be given.




IIT. DISCUSSION OF INPUT AND OUTPUT

In this section, each Input parameter is defined in the order in
which it is encountered in the program. The English or Greek symbol is
given first followed by the computer symbol in parentheses. The English
or Greek symbols are provided mainly for convenience in consulting the basic
analyses of References 3, 4 and 5 as only a few of these are used in the
present report. Where appropriate, additional discussion of the variable
and recommended or typical nominal numerical values are given. Sketches
of geometric characteristics are presented for clarification. Although
many of the variables are the same as used in References 3, 4 and 5, the
discussion relative to these is repeated here for ready reference. In
addition, the present outputs of the program are defined. It is the aim
of this section to provide a guide to the user in the specification of his
problem and the interpretation of the outputs. ' '

Concise printed definitions of all input variables are also given
with the computer program 1listing (See Section IV). The definitions
appear in groups throughout the "main'" program and the "area'" subroutines.
In general, each group is divided in the computer program and in this
section into two subgroups: the first group containing the variables de-
scribing the SRM which are always fixed for the Monte Carlo investigation
and the second group containing those that are subject to being statistic-
ally distributed. '

The original basis for classification of the two types of variables
was to be the analysis of the sensitivities of the performance of the SRM
to the variable under consideration. Of course, each variable considered
would also have to be an independent one or at least relatively so. Each
variable whose variation could reasonably be expected to influence the
performance calculations for the SRM was examined one at a time. A few
variables whose effects were obviously of very minor significance were
omitted at this point and classified without further evaluation as non-
statistical (fixed value) variables. Among these were the temperature and
pressure sensitivity coefficients of the propellant properties. The
thrust loss coefficients were also classified as fixed, as there is no
practical way of distinguishing in experimental data analysis between the
variations in thrust due to the variation in the statistical variables
and that due to other factors. A baseline design was then selected based
on the nominal values for the sample case SRM of Section V and the
performance of a pair of SRMs computed. One motor in the pair had the
baseline values of the variable and the other had the baseline values
except for the variable under consideration which was changed a small amount.
The amount of the change was somewhat arbitrary but represents a rough
estimate of the maximum range of variation for a wide variety of SRMs
scaled to the size of the baseline SRM; i.e., the range reflects an esti-
mate of the maximum variation to be expected when no special attention is
given to control of the variables during manufacture. In the case of

-16-
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the examination of the effects of grain ovality and malalignment, several
variable changes were examined together in order to reduce computational
time. . :

Partial results are given in the Appendix in the form of the pairs
of thrust-time traces obtained for each variable. These plots should be
of interest to the SRM developer as they indicate possible results of
deviations from manufacturing specifications and tolerances. Their
utility as far as the present study goes is somewhat limited as it was
decided that for the Monte Carlo investigation all but a very few of the
variables would be statistically determined in order to minimize cumulative
errors that might result from neglect of a large number of seemingly
unimportant variables. It will be noted that there are no plots in the
Appendix for a few of the distributed variables listed in the computer
program and in this section of the report. This is because either the
variable has no influence for the design or option selected (e.g., 6.
and 0cp for Cop = 1) ; the effects of the variable is an obvious one (8);
data 1s not presently available for a meaningful investigation (a and 8) ;
or the final selection of variables differed from that considered during
the earlier sensitivity investigation (e.g., Rgpg was substituted for y
and C* and Rjg and R, were both introduced as independent variables
eliminating tg).

The present section provides information only on nominal values and
the units of the variables. Instructions for preparing the input for the
description of the distribution of statistical (distributed) variables is
given in Section IV based on the analysis of Section II. It should be
noted here that the statistical variables may be held constant if desired
by use of the proper code on the data cards for the variables. With minor
program modifications it is also possible to accommodate additional dis-
tributed variables, the number of such variables being limited only by
the core storage capacity of the computer. The listing of variables
follows. .

Seed Number

Ixi (IX1) The seed number for the random number generator. An odd
eight-digit integer should be used. This number initiates
the generation of random numbers forming the basis for
selection of the various. sets of input variables for each
SRM. The seed number must be changed to change the sets
of variables generated when repeating an analysis of the
same motor pairs (see Section II for further discussion).

User's Options - Fixed Values
Ieo(IEO) 0 " For no consideration of grain ovality or malalignment.

1 For consideration of above. Calculations of ovality
and malalignment effects approximately triples computer
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time requirements. These calculations should be
by-passed by use of the option provided if there is a
basis for assuming in a particular case that the
effects are negligible.

I__(IPO) 0 For no plots and no statistical or difference
po
analysis of results.
1 For plots and tabular output of motor pair differences.
2 For tabular output of motor palr differences without
plots, -

3 For plots and statistical analysis of results only.
Codes 1 and 2 will also yield statistical analysis
of the motor pair results.

N(j) (NUMPLT(J) An integer designating whether or not a specific output
plot 1is desired:

0 If a specific plot is desired.
1 If a specific plot is not desired.

The order of specification of NUMPLT(J) is as follows:

1 F versus T for the motor pailr.

2 F versus T for the motor pair during tailoff.

3 Difference in F between the pair of motors versus T.

4 Difference in ITOT between the pair of motors versus T.

5 Time integral of absolute value of difference in F
of motors versus T.

Propellant Characteristics - Distributed Values

pp(RHO) Density of the solid propellant (slugs/in3)

al(Al),az(AZ) Propellant burning rate coefficients in the equation
r = aP® above and below the transition pressure, re-
spectively (in/sec-psial).

n,(N1),n,(N2) Burning rate exponents corresponding to a, and a,,
1 2 1 2
respectively (1).
aeb(ALPHA) Erosive burning coefficient in the Robillard-Lenoir burning

rate rule (Equation ITI-11, Ref. 3) (in2.8-ft%.8/gecl 8 1p£0-8),
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Erosive burning pressure coefficient in the Robillard-
Lenoir rule (1).

The oxidizer to aluminum ratio (1), Variations. in this
quantity determine variation in the thermochemically
determined characteristic exhaust velocity CSTARN and the
ratio of specific heats GAMN of the chamber gases. The
latter variations are determined by a regression analysis
which gives CSTARN and GAMN as functions of ROAL. The
resultant functional relationship must be used in the
program where indicated on the program listing (Section IV).
CSTARN and GAMN are determined at 1000 psi chamber pressure
and 60°F propellant bulk temperature. If no aluminum is
present in the propellant CSTARN and GAMN should be set at
this point to their nominal values at the reference con-

"ditions.

Basic Motor Dimensions - Fixed Values

L (L)

Ty (TAU)

Total initial perforated grain length including gaps at
slots (in.). This is used only in the erosive burning rate
equation, An estimate will suffice.

Estimated web thickness of the controlling propellant

length (in.). (See ZO below for definition of control-

ling length.) The actual web thickness is calculated from DI
and DO (or RC and RSI, RIWS or RIWW)and includes statistical
variations. If the grain is tapered, the length average
value should be specified excluding lengths having addition-

. al taper not represented by Z0 and segments located any-

where having a step decrease in thickness. Such step de-
crease must be handled by the additive tabular input option
if they introduce two significantly different web thick-
nesses for the same grain type; e.g., two circular perforated
grains. If a circular perforated grain is used, it is
assumed that it will have the approximate average web thick-~

- ness of the controlling propellant length.

Basic Motor Dimensions - Distributed Values

De (DE)
Di* (DTI)
en (THETA)

a (ALFAN)

Diameter of the nozzle exit (in.).
Initial diameter of the nozzle throat (in.).
Cant angle of the nozzle with respect to the motor (degrees).

Exit half angle of the nozzle (degrees).



~20-

LTa (LTAP) Estimated axial length of grain at the aft end at start
of first tailoff having an additional taper not repre-
sented by Z0 or THETAG (in.). See Figure III-1l. This
variable permits the designer to specify an additional
taper at the nozzle end of a circular perforated or star
grain to produce regressivity shortly before tailoff.

Xpa (XT) Difference in web thickness at ends of LTAP (in.).
See Figure III-1.

z, (20) Initial difference between web thicknesses due to grain
bore taper at the head and aft ends of controlling grain
length, not including any initial length associated with
LTAP or THETAG (in.). The controlling length of the grain
is the axial distance between the head end of the grain
and the position of expected maximum Mach number in the
port. In general this length terminates whenever there
is an abrupt decrease in web thickness near the aft end
of the chamber.

zc(Zc) Initial difference between web thicknesses due to grain

exterior taper at the head and aft ends of the controlling
grain length (in.).

Ovality and Malalignment - Distributed Values

(Not required if IEO = 1). The following variables characterize the
ovality and lack of concentricity of the grain interior and exterior at
two reference radial cross~-sections - one near the head end of the grain
and one near the nozzle end. Based on the mathematical analysis of the
burning perimeters at these two planes, correction factors are calculated
and applied to the burning surface calculations to account for approximate
effects of ovality and malalignment. The effects of interior and exterior
grain taper are taken into account through the parameters ZO, ZC, and XT.
See Section 1II for details.

AR (RONDCN), One half the difference between the maximum and minimum
cn diameter of the grain exterior at the nozzle and head end
ARch (RONDCH) reference planes, respectively (in.).

AR (RONDGN), One half the difference between the maximum and minimum
gn : diameter of the grain interior at the nozzle and head end
ARgh (RONDGH) reference planes, respectively (in.).

exn(EXN) The eccentricity of the center of the grain interior with
respect to the center of the grain exterior in the x, and
eyn (EYN) yo directions, respectively (See Fig. II-1) at the nozzle

end reference plane (in.).
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The eccentricity of the center of the grain interior with
respect to the center of the grain exterior in the x,.

and y. directions, respectively, at the head end reference
plane (in.).

The angular orientation of the ovality of the grain N
interior with respect to the grain exterior at the nozzle

and head end reference planes, respectively (degrees).

Basic Performance Constants - Fixed Values

Ayl (DELTAY)

L (11)

Xout (XouT)

(AP/Ay)_out

(DPOUT)

CF (ZETAF)

Initial desired burn increment (in.). This increment will

be used by the program for initial 5% of the web thickness

burned, for the period shortly preceding and following

tailoff and at such other times as the rate of pressure

change is large. Larger increments will automatically be

used at other times. An initial increment size of approx-~

imately 0.001t,, is recommended for the Monte Carlo program.

If the increment size used is twice the recommended value,

the maximum thrust imbalance calculated may be decreased

by as much as 5 percent, representing a loss in program §
accuracy. ' ‘

Number of steps in the integrations of perimeters in the
OVAL subroutine. Approximately 25 steps appears to offer
a good compromise between accuracy and computation time,
the latter being more strongly influenced than the former
by the step size.

Distance burned at which the propellant breaks up (in.).
This permits the option of specifying termination of
burning resulting from possible structural breakup of
propellant. If this option is not desired, XOUT should
be set to some large value; e.g., 1000 in.

at which the propellant is extinguished (1b/in3). This

permits the option of specifying termination of burning

when it is determined that an abrupt tailoff will not

permit the computer to handle the rapid change in surface

area. If a gradual tailoff is expected, DPOUT may be set

to some large value; e.g., 10,000psia/in. For large

motors (120 in. dia. and up) where the tailoff is expected .
to be abrupt, a value of 500 psia/in. is recommended. In

general, larger values may be used for smaller motors.

Rate of change of pressure with respect to distance burned
\
\

Thrust loss coefficient (1). In the absence of data to
the contrary, a value of 0.98 is recommended.
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Estimated time at which maximum dynamic pressure on the
vehicle occurs (sec.). This permits the program to com-
pute an estimate of the thrust differential of the motor
pair at the time of maximum dynamic pressure.

‘

Estimated burning time (sec.). This and HB below permit
the program to calculate delivered specific impulse and
thrust based on an assumed trajectory which was de-
termined from analysis of typical large SRM applications.

Estimated burnout altitude (ft.). To obtain sea level
performance characteristics, HB should be set equal to .
zero. . :

Reference average nozzle stagnation pressure used in the
nozzle throat erosion equation (psia). See also ERREF.
below.

Reference nozzle throat diameter used in the nozzle throat
erosion equation (in.). See also ERREF below.

Temperature sensitivity coefficient of pressure at con-
stant ratio K of burning surface to throat area (/°F).

Temperature sensitivity of CSTAR at constant K (/°F). (See
Eq. 4, Section II). A typical value is 0.000038.

Pressure sensitivity of CSTAR (1)(See Eq. 5, Section II).

Transition pressure at which the burning rate coefficient
and exponent change (psia).

Pressure sensitivity of the ratio of specific heats (1)
(See Eq. 6, Section II). A typical value is 0.00527.

Basic Performance Constants - Distributed Values

ref(ERREF)

Tgr(TGR)

Tlgr(TIGR)

Reference nozzle throat erosion rate (in/sec)(See Eq. 1
Section II.) A set of typical values for a carbon tape-
phenolic impregnated throat is 0.00763 in/sec, 560 psia
and 57.285 in. for ERREF, PREF and DIREF, respectively.

Bulk temperature of the propellant grain (°F).

Ingition delay (sec.) at a TGR of 60°F. The time required
to reach ninety-five percent of initial equilibrium pressure
should be used,

The Program and Basic Grain Configuration and Arrangement - Fixed Values

I  (INPUT)
op

1 For only tabular input.
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2 For only equation input.

3 For a combination of 1 and 2.

Gop (GRAIN) 1 For an entirely circular perforated gréin.
2 For star grain only.
3 For a combination of 1 and 2.

Sop (STAR) 0 For an entirely circular perforated grain.

1 For standard star (See Fig. III-2).

[}

2 For truncated star (See Fig. III-3).

3 For wagon-wheel (See Fig. III-4).

NOTE: The different types of star grains may not be combined in
single configuration.

n, (NT) Number of thrust termination passageways in grain (1)
NT is zero if there are no thrust termination passage-
ways.

Qop (ORDER) 1 If g star grain is at head end and a circular

perforated grain at aft controlling end.

2 If a circular perforated grain is at both ends.
A star grain segment may still be present.

3 If a circular perforated grain is at head end and
a star at the aft controlling end.

4 If a star grain is at both ends. .
If grain = 1, value of order must be 2,
If grain = 2, value of order must be 4.

It 1s important to realize that ORDER establishes the
controlling port area equations to be used. Thus if the
nozzle end segment is not indeed the controlling one

(the one that establishes the maximum Mach number in the
port) , ORDER should be specified to designate the actual
controlling segment as the nozzle end segment. GRAIN,
STAR, NT and ORDER are not used for INPUT = 1, but values
must be assigned for continuity of computer operations.
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Tabular Burning
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For extreme ends of a circular perforated grain only:

0 If both ends are conical or flat.

1l If head end is conical or flat and aft end is sphefical.
2 If both en&s are spherical.

3 If head end is spherical and aft end is conical or flat.

Surface and Port Areas -~ Fixed Values

Apr
AbsT
AbnT

A'phT

A‘pnT

(ABPK,

(ABSK)

(ABNK)

(APHK) -

(APNK)

T (VCIT)

Burning area in the port (in?).
Burning area in the slots (in?).
Burning area at the nozzle end (in?).

Port area at the nozzle end of the controlling grain
length (in2).

Port area at the head end of the grain (in2). APHK and
APNK are not required when INPUT is 2 or 3; the equation
inputs must be used to provide the information in these
cases. Values of all A's must be specified to completely
describe the burning surface and port areas versus distance
burmed. The program computes intermediate values by
linear interpolation. The number of values required is
arbitrary and limited only by the storage capacity of
the computer, but values must be specified for y = 0.
Also, as an example of the procedure for specifying
terminal values which must be followed, burning surfaces
must be specified as zero at burnout:of the tabular
surfaces and at a y exceeding the highest anticipated
calculated performance value. Separate input cards must
be prepared for each value of y and arranged as described
in Section 1V of this report. The use of these tabular
values in conjunction with the equation inputs (INPUT = 3)
increases .the flexibility of the program considerably.
Frequently it is easy to estimate burning surface effects
which end constraints on the equation inputs neglect. In
this case a table of input values can be readily prepared
from estimates of the effects. Also, the program can be
run first without the tabular values and outputs used as
an aid in obtaining the estimate. For example, the burning
perimeters of a star grain can be determined in this way
and the values used to estimate the effects of a head end
closure on the star grain.

Initial volume of chamber gases associated with tabular
input (in3).
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Geometry for Circular Perforated Grain - Fixed Values

i

(XTZ0)

S (s)

Difference between the initial circular perforated grain
diameter at the nozzle end of LGCI and the nominal value
of DI less Z0 and less twice XT (in.)(See Fig. III-1).

Number of burning flat ends of a circular perforated
grain not including an extreme aft grain end (1).

Geometry for Circular Perforated Grain - Distributed Values

Dy

Dy

SG (THETAG)

Le

Len

(DO)

(pI)

i (LGCI)

i (LGNI)

Length average outside diameter of circular perforated
grain, excluding lengths extending into the closure (in.).

Length average inside initial diameter of circular per-
forated grain (in.). Only the controlling length exclud-
ing LTAP should be considered in the averaging.

Angle burning surface element of circular perforated
grain located at the extreme nozzle end of chamber makes
with the motor axis (degrees). See Figure III-1. THETAG
must be set to zero if a star grain is located at the
nozzle end (GRAIN = 3, ORDER = 3) or if aft end burning
surfaces are represented by tabular values. THETAG is 90°
if the circular perforated grain represented by equations
has a flat burning surface located at the extreme nozzle -
end of the chamber. If THETAG is less than or equal to 5°,
a value must be assigned (zero is satisfactory), but the
effect of THETAG on burning surface area is not computed
(See also LGNI and LTAP). THETAG is zero if the end sur-
face is flat and inhibited. '

Initial total axial length of circular perforated:grain
represented by equation inputs not including gaps (in.).
LGCI excludes lengths associated with THETAG.

Initial slant length of a burning conical circular per-
forated grain at the nozzle end (in.). LGNI is set

equal to zero if THETAG is less than or equal to 5°. In
this case the length otherwise associated with LGNI should
be added to LGCI. If the error in burning surface area
thus introduced is deemed significant, a correction may
be introduced by making use of tabular inputs in combi-
nation with the equation inputs. Basic effects of small
THETAG on tailoff may be accounted for by specification
of LTAP. If a nozzle end burning surface is flat (THETAG
= 90°) LGNI equals one half the difference between inside
and outside local grain diameters.
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The contraction angle of a circular perforated grain
bonded to the nozzle closure (degrees). See Figure II1I-1.
Use an estimated value which yields approximately the
correct volume of propellant burned. If a star shaped
grain is located at the extreme nozzle end of the chamber
or if tabular values are used to represent downstream
burning surfaces, THETCN is 90°. THETCH is also 90° if
the extreme aft end of the grain is inhibited, but only a
flat-ended, inhibited grain (THETAG = 0) which does not
extend into the nozzle closure may be accurately represented.
THETCN is zero for a burning flat end (THETAG = 90°) which
does not extend into the closure. THETCN must be assigned
a value even if COP is 1 or 2, but it will not affect the
numerical results.

The contraction angle of a circular perforated grain bonded
to the head end (degrees). See Figure III-1. Use an
estimated value which yields approximately the correct
volume of propellant burned. THETCH is 90° if the extreme
forward end of the circular perforated grain (bonded or not)
represented by equations is flat. A head end flat burning
surface is treated by proper specification of S. THETCH
must be assigned a value even if COP is 2 or 3, but it will
not affect the numerical results.

Basic Geometry for Star Grains - Fixed Values (The wagon-wheel is considered

n_ (NS)

_ np (NP)

n (NN)

a type of star grain for the purpose of this program.)

Number of burning flat end surfaces of a star grain not
located at extreme nozzle end of the chamber (1).

The number of star points (1).

Number of burning flat end surfaces (0 or 1) of a star
grain located at the extreme nozzle end of the chamber (1).

Basic Geometry for Star Grains - Distributed Values

LGsi(LGSI)

R, (RC)

f (FILL)

Initial total axial length of star-shaped perforated
grain represented by equations (in.). No provision
comparable to the use of LGNI for circular perforated
grains is made here to treat erfects resulting from '
THETAG greater than 5°. Adjustments may be made, however,
by use of tabular input values in conjunction with the
equation inputs. Also, effects of taper, including addi-
tional small taper at the nozzle end, on tailoff may be
treated by use of the variables Z0O, XT and LTAP.

The star grain outside radius (in.).

The fillet radius at star valleys (in.). See Figure
111-2, 3, 4.
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Special Geometry for Wagon-Wheel Grain - Distributed Values

Riww (RIWW) The length average initial radius of the inside of the pro-
pellant web (in.).

21,22 (L1,L2) The lengths of the pairs of parallel sides of the first and
second sets of grain points, respectively (in.). See Figure

I1I-4).
al’a2 The angles between the slant sides and the center lines of the
(s susmagy Pgints of the firet and second sete of srain rolnce, respec-
hw (HW) The half-width of the star points (in.). HW must not exceed

TAUWW (HW < TAUWW).

Special Geometry for Truncated Star Grain - Distributed Values

Rp (RP) The length average initial radius of the truncation (in.).
See Figure III-3.

Rig (RIS) The length average initial radius of the inside of the
propellant web at the bottom of the slots (in.).

Special Geometry for Standard Star Grain - Distributed Values

68 (THETAF) Angular location of the fillet center of standard star from
£ the 1line of symmetry (degrees). :

ep (THETAP) The apex angle of the star point (degrees).

Ri (RIWS) The initial radius of the inside of the propellant web of
WS standard star grain (in.). See Figure III-2. If the
grain is tapered, the length average value should be used.

Geometry of Thrust Termination Passageways - Distributed Values

QTP (LTP) Initial length of the termination passageway between the
centers of gravity of perimeters of the bases (in.). See
Figure III-1l.

DTP (DTP) Initial diameter of the termination passage (in.).
eTP (THETTP) The acute angle between the axis of the passage and the motor
axis (degrees).

T (TAUEFF) Estimated effective web thickness at the termination port (in.).
eff . . .

The user must judge the distance burned at which the effect
of the termination passage on modification of the burning
surface geometry ceases to be significant. In general, this
should be between two-thirds and full web thickness. The
equation used to account for the burning surface is based on
a passageway in a circular perforated grain terminated at the
case by a flat inclined plane. Thus only a rough estimate
of the effect of the termination passage is provided.
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Special Equation Inputs -(Fixed Relationships required only at the option

Bbp (BBP)
Bbs (BBS)

an (BBN)

Program Outputs

of the user. May be used when INPUT = 1, 2, or 3.)

Additive burning surface input as function of y for port

_ burning surface (in2).

Additive buming surface input as function of y for slot
burning surface (in?),

Additive burning surface input as function of y for
nozzle end burning surface (in?). In order to make use
of the option of specifying the B's, a minor program
modification is required. The B's are all set equal to
zero in the present program., If this option is to be used,.
the program statements assigning values to the B's are
easily replaced with the desired equation inputs. -

The variables whose values are printed by the present program are

defined below.

Additional variables may also be printed with minor program

modifications. In addition to the variables listed below, the present pro-

gram prints out

values of all input variables including those selected for

each SRM from statistical distributions. The input characteristics of the
statistical distributions are also printed.

Time dependent data ~ single motors

t (T)

y (Y)

Pon (PONOZ)

, Ph (PHEAD)

Appt Abst Aon
(SUMAB)

F (F)

IT'(ITOT)

Operating time (sec.). This is calculated from the time
of initiation of ignition.

Average distance burned (in.).

Stagnation pressure at the nozzle end of the chamber
(1b/in?). ‘

. Pressure at the head end of the chamber (1b/in2).

The total burning surface of the propellant (in?).

The delivered thrust based on the assumed trajectory (1bf).
Losses are included. ‘ '

Total delivered specific impulse (lbf-sec). Losses are
included.
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Time independent data ~ single motors

W 1 (wPl) Propellant weight calculated from mass discharge rates
P (1bm). .
sz (WP2) Propellant weight calculated from the products of burning

surfaces and incremental distancesvburned (1bm).

W_ (WP) Arithmetic average of WPl and WP2 (1bm). A check on the
P calculation accuracy is provided by comparison of this
with WP1 and WP2.

Ph (PHMAX) Maximum head end chamber pressure calculated by the pro-

max L2

gram (1b/in<).

Ixi (1X1) Initial seed number for the current configuration. New
seed numbers are automatically selected for each variable
based upon this seed number, The initial seed number may
be used as an input seed number to reproduce the calcula-
tions for the configuration. See Section II.

Ixf (IX) Final seed number for the current configuration. This final
seed number may be used as an input seed number to continue
the calculations without random number cycling before 230
random numbers have been selected.

Time dependent data - motor pairs. The following data are available
in tabular and/or graphical form, subject to the option of the user (See -
IPO). To compute the imbalances between two motors the data for the motor
which has the fewer computational y-steps is subtracted from the data of
the other motor to determine the imbalances. No difficulty with regard to
the interpretation of the results arises from this since in most instances
it is the absolute value of the differences which is important. For those
variables whose absolute values are not taken, changes in sign of the dif-
ferences indicate points where the crossings between the two motors' traces
occur. -

AF (FDIFF) The difference in thrust between the two motors (1bf).

AIT (IDIFF) The difference in total impulse between the two motors
(1bf-sec).

IAITI(IADIFF) The absolute value of the difference in total impulse
between the two motors (lbf-sec).

t
IAIT| =f|F1—ledt a7
0
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Time independent data - motor pairs

(FMAX1, TFMX1,
FMIN1, TFMN1)

(FMAX2, TFMX2,
FMIN2, TFMN2)

(TDFTO1, TDFTO2,

DIW)

(FW1,FW2,DFW)

~ (DFTO1,DFT02)

(DFMQ, TMAXQ)

(AFMAX, TFMAX,
AFMAXT, TFMAXT)

(FDIFIG, TDIFIG)

(DIT,ADIT)

The maximum and_minimum algebraic thrust imbalance (1bf)
and the time (secs) at which they occur, respectively, .
during web action time.

The maximum and minimum algebraic thrust imbalance (1bf)
and the times (secs) at which they occur, respectively,
during tailoff.

The time at which tailoff begins for the first motor of
a pair to begin tailoff, for the final motor to begin
tailoff and the absolute value of the difference between
the two times, respectively, (secs).

The thrust at the beginning of tailoff for the first
motor of a pair to begin tailoff, for the final motor to
begin tafloff ‘and the absolute value of the difference
between the two thrusts, respectively, (1bf).

The absolute value of the thrust imbalance when the first
motor of a pair begins tailoff and the final motor begins
tailoff, respectively.

The absolute value of the thrust imbalance (1bf) which
exists when the maximum dynamic pressure occurs on the
vehicle and the estimated time (secs) at which this event
occurs, respectively.

The absolute value of the maximum thrust imbalance (1bf)
which exists and the time (secs) at which it occurs during
web action time and tailoff, respectively.

The absolute value of the thrust imbalance (1bf) which occurs
during the initial portion of operation (t < 0.02 t) and
the time (secs) at which it occurs, respectively.

The total impulse imbalance and the absolute value of the

total impulse imbalance (1bf-secs) accumulated during tailoff,
respectively:

th
iy =f (Fy-Fp)dt (18)
tel
tb.
lat, | = ]' |F)-F,|dt (19)
. ttl . :

where t. ) (TDFTO1l) is the earlier time at which tailoff



(DF100K,T100K)
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begins in the two motors and tp is the time at which
operation of both motors ends.

The absolute value of the thrust imbalance (1bf) which
exists when the last motor reaches 100,000 1lb. thrust
during tailoff and the time (secs) at which it occurs,
respectively.



1v. »THE COMPUTER PROGRAM

This section contains the instructions for the preparation and arrange-
ment of the data cards. Also, a complete listing of the program statements
is given. The program was written for use on an IBM 370/155 computer and
requires approximately 168K 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). In addition
to the one storage device required for the plotter, three other
external storage units are required. Unit 1 is used to store the output
data, pertinent to the imbalance calculations, for the first motor in each
pair of motors. Unit 2 is used to store the nonstatistical data which remain
constant for all of the motors. Unit 4 is used to store the values of the
statistical variables for use with each motor. Only minor program modifica-
tions are required to eliminate the plotting capability of the program.
Also, Unit 2 can be eliminated by using repeated sets of data cards for the
nonstatistical variables. Hence, it is relatively simple to modify the pro-
gram to require only 2 external storage units. Elimination of the other
two external storage units would require significant program modification.

Ingut Data

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

Card 1  Total number of individual motors to.be analyzed (42X,12)

Col. 1-42 NUMBER OF CONFIGURATIONS TO BE TESTED =
43-44 Number of rocket motors to be analyzed

Card 2 Initial seed number (I10)

Col. 1-10 Initial 8-10 digit seed number

It is necessary to describe one type of statistical analysis for each
statistical input variable. The method for doing this is described below
using Cards 3 through 9. Note that only one type of statistical analysis
may be requested for each variable. Hence, only the card or cards necessary
for that particular type of statistical analysis are input for each variable.
For example, to obtain a Type II analysis only Card 5 and Cards 5A would be
would be used. In addition, it is necessary that the data cards for the
variables to be used in a given configuration be placed in the order in
which they are input into the computer program. In some cases certain
variables are not required for an anadlysis. In such cases, the cards for
those variables should be omitted. As many Cards 5 through Cards 9A as

required may be used.
-36~



-37-

Card 3 Variable name (2A4)(oﬁe card for each variable)

Col. 1-8 Name of statistical variable.

NOTE: One Card 3 immediately precedes the Card 4 thru Card 9B
used for each variable. Also, END should be used as the
last variable name before using Card 9B below.

Card 4 Input for ije I statistical analysis (I2, 2X, 7E10.0)

Code = 10 Raw data given; obtain CDF directly from
Col. 1-2 ' histogram.
Code = 11 Raw data given; obtain CDF from Pearson's

equation of the frequency curve.
5-14 X1 = Number of raw data points given. |
15-24 X2 = Mean value of first interval of histogram.
25-34 X3 = Histogram interval width.

35-44 X4

Number of intervals in histogram.
45-74  Blank

Card 4A Subsequent Type I data cards (10ES8.0)

.Col. 1-8 Raw data points equivalent to the number
specified in X1, Ten data points per card for
9-16 as many cards as required (e.g., 46 data points

. would require 5 data cards with the last card
72280 having the final four fields blank).

Card 5 Data input for Type II statistical analysis (I2, 2X, 7E10.0)

Code = 20 Histogram given; obtain CDF directly from
Col. 1-2 histogram.
Code = 21 Histogram given; obtain CDF from Pearson's

equation of the frequency curve,
5-14 X1 = Number of intervals in histogram.
15-24 X2 = Mean value of first interval of histogram.

Interval width.

]
w
[]

25-34

35-74 Blank
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Card SA Subsequent Type II data cards (10E8.0)

Col. 1-8 The same number of data
916 B ae many data cards as’
. necessary
72-80
Card 6 .Input for Type III statistical analysis (12, 2X, 7E10.0)
Col. 1-2 Code = 31 Four moments given; obtain CbF from Pearson's
equation of the frequency curve.
5-14 X1 = First moment about zero.
15-24 X2 = Second moment about mean.
25-34 X3 = Third moment about mean.
35-44 X4 = Fourth moment about mean.
45-54 X5 = Histogram interval width.
55-64 X6 = Mean value of first interval of histogram.
65-74 k7 = Total number of data points used.
NOTE: Nq data cards required.
Card 7 Input for Type IV statistical analysis
Col. 1-2. Code = 40 -CDF given; read in the given CDF.
5-14 X1 = Number of intervals in CDF.
15-24 %2 = Mean value of first interval of CDF.
25-34 X3 = Intervéi width, ’
35-74 Blank

Card 7A Subsequent Type IV data cards (10E8.0)

Col. 1-8

9-16

72-80

CDF values corresponding to the cumulative

frequency up through each interval.

Data

should be provided for as many intervals as

indicated by the value given for Xl.
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Card 8 Input for Type V statistical analysis (Use appropriate
““card below)

Card 8A Normal distribution to obtain CDF.

Col. 1-2 Code = 51
5-14 X1 = Mean of normal distribution.
15-24 X2 = Standard deviation.
25-34 X3 ; Beginning X value of CDF (optional).
35-44 X4 = Ending X value of CDF (optional).

45-74 Blank

NOTE: If either X3 or X4 is omitted, a three-sigma limit is assumed;
thus, if both values are left blank, a six~sigma limit will be
generated by the program. If a zero value is desired for X3
or X4, +,0000001 should be used instead.

Card 8B Rectangular distribution to obtain CDF (I2, 2X, 7E10.0)

Col. 1-2 Code = 52

5-14 - X1 = Beginning X value.

15-24 X2

Ending X value
25-74 Blank

Card 8C J-Distribution to obtain CDF

Col. 1-2 Code = 33

5-14 X1 = Mean(beginning X value).

15-24 - X2

Standard deviation.



Col.

Col.

Col.

Col.

Col.
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Card 8C (Cont'd)

25~34 - X3 = Ending X value (optional)
35-74 Blank

NOTE: The J-distribution is defined herein as the right half of a
normal frequency curve. The X1 value specified should be the
mean as if the full normal curve were being specified. The
X3 value is optional; if not specified, a three sigma limit
will be assumed. If zero is desired for the X3 value,
+.0000001 should be used instead.

Card 9 Input for Type VI statistical-analysis (use appropriate

card below)

Card 9A Use a constant for this value (I2, 2X, 7E10.0)

1-2 Code = 60 Use a constant value for this variable._
5-14 X1 = Desired constant wvalue.
15-74 Blank

Card 9B 1Indicates end of data (I2)

1-2 Code = 90

Card 10 Initialization of variables (22F3.1)

1-66 Zero's or blank card

Card 11 Ovality and output options (5X, I1, 5X, Il1, 9X, 5I)

-’

1-5 1EO = F

{:O _ N& ovality analysis
6 4

1 ~ Ovality analysis
7-11 IP0O =
r'O No plots or statisticai analysis
‘< 1 Plots, statistical analysis and tabular output
12 2 Tabular output and statistical analysis
. 3 Plots and statistical analysis
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Card 11 (Cont'd)

Col. 13-17 NUMPLT(J) =

0 Plot thrust time trace
18 { 1 Do not plot thrust time trace
0 Plot tailoff thrust time trace
v : {1 Do not plot tailoff thrust time trace
0 Plot thrust imbalance
20 {: 1 Do not plot thrust iébalance
0 Plot impulse imbalance
“ {: 1 Do not plot impulse imbalance
0 Plot absolute impulse imbalance
* {j 1 Do not plot absclute impulse imbalance

Card 12 Nonstatistical motor dimensions (3X, F10.2, 5X, F10.3)

Col. 1-3 L=
4-13 Value of L
12-18 TAU =
19-28 Value of TAU

Card 13 Nonstatistical performance constants (requires 4 data qards)

Card 13A (8X, F10.3, 4X, 14, 6X, F10.2, 7X, F10.2, 7X, F10.4)
Col. 1-8 . DELTAY = |
8-18  Value of DELTAY
19-22 II =
23-26  Value of IL
27-32  XOUT =

33-42 Value of XOUT
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Card 13A (Cont'd) | | T

Col. 43-43  DPOUT =
50-59 Value of DPOUT
60-66  ZETAF =

67-76 Value of ZETAF

Card 13B (4X, F10.1, 4X, F10.1, 6X, F10.2, 7X, F10.3, 6X, F10.5)
Col. 1-4 TB = |

5-14  Value of TB

15-18 HB =

19-28 Value of HB

29-34  PREF =

35-44 Value of PREF
45-51 DTREF =

52-61 Value of DTREF
62-67 PIPK =

68-78 Value of PIPK

Card 13C (8X, F10.7, 7X, F10.2, 8%, F10.7, 6X, F10.7)

Col. 1-8 CSTART =
9-18 Value of CSTARTA
19-25 PTRAN =
26-35 Value of PTRAN
36-43 CSTARP =
44-53 Value of CSTARP
54-59 GAMP =

60-69 Value of GAMP



Col.

Col.

Col.
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Card 13D (7X, F10.3)

1-7

8-17

TMAXQ =

Value of TMAXQ

Card 14 Description of type of grain configuration (9X, I2, 9X, I2,

1-9

10-11

12-20

21-22

23-30
31-32
33-38
39-42
43-51
52-53
54-60

61-62

Card 15 Tabular values for geometry at y =

8X, 12, 6X, F4.0, 9X, 12, 7X, I2)

INPUT =

Value of INPUT (1, 2 or 3)
GRAIN =

Value of GRAIN (1, 2 or 3)
STAR =

Value of STAR (0, 1, 2 or 3)
NT =

Value of NT

ORDER =

. Value of ORDER (1, 2, 3 or 4)

cop =

Value of COP (0, 1, 2 or 3)

0.0 (requires 2 data cards)

(Not required if INPUT = 2)

Card 15A (6X, F6.2, 10X, F11.2, 10X, F11.2, 8X, F11.2)

. 1-6
7-12
13-22
23-33
34-43

44-55 -

YT =

0.0

ABPK =

Value of ABPK
ABSK =

Value of ABSK



-43-

Card 15A (Cont‘'d)

Col., 55-62 ABNK =

63-71 Value of ABNK

Card 15B (22X, F11.2, 9%, F11.2, 8X, F1l1.2)
Col. 1-22 APHK = |

23-33 Value of APHK

34-42 APNK =

43-53 Value of APNK

54-61 VCIT =

62-72 Value of VCIT

Card 16 Tabular inputs for y greater than 0.0 (requires 2 data cards
for each y value) (Not required for INPUT = 2)

Card 16A (6X, F6.2, 10X, F11.2, 10X, F11.2, 8X, F11.2)
Col. 1-6 YT = |
7-12 Value of YT

13-22 ABPK =

23-33 Value of ABPK

34-43 ABSK =

44-54 Value of ABSK

55-62 ABNK =

63-73 Vaiue of ABNK

Card 16B (22X, F11.2, 9X, F11.2)

Col. 1-22 APHK =
23-33 Value of APHK
34-42 APNK =

43-53° Value of APNK
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Card 17 Non-statistical c.p. grain geometry (Not required for GRAIN
= 4)(6X, F10.3, 3X, F10.0) '

Col. 1-6 XTZ0 =
7-16 Value of XTZO
17-19 é =
20-29 Value of S

Card 18 Non-statistical star grain geometry (Not required for
GRAIN = 2) (4X, F10.0, 4X, F10.0, 4X, F10.0)

Col. 1-4 NS =
5-14 Value of NS
15-18 NP =
19-28 Value of NP
29-32 NN =
33-42 Value of NN
Finally, Figure IV-1 is a schematic representation of the data deck
construction, and Table IV-1l presents an example set of data. This is the
same data as used in the sample case presented in Section V of this report.

Note that these are all the data cards which are required for this example
for any number of configurations.

Program Listing

Figure IV-2 shows a block diagram of the overall program and Table
IV-2 presents the complete program listing.

As previously mentioned, the program has been designed to produce
graphical presentations of the computational results. Program statements
that must be removed in order to delete the plotter compilation require-
ments are indicated by check marks (») in Table IV-2. Removal of these
statements is necessary if the user's computer is not equipped for CALCOMP
plotting. However, if other plotters are available, generally only the
plotting subroutines need be replaced. )
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Non-Statistical Data

Statistical Data

Initial Seed Number

Number
of

Configurations

Figure IV-1,

Schematic of data deck.
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TABLE IV-2

PR R AR AR RS O AP E PR R R ARG R E FEE R ARSI A SRS S SRR G XA DR SR E IR XX SR GBI Bk
MCNTE CARLO PERFORMANCE ANALYSIS DOF SRM PAIRS
PREPARED AT AUBURN UNIVERSITY ’
UNDER MUD. NO. 12 TO CCOPERATIVE AGREEMENT WITH
NASA MARSHALL SPACE FLIGHT CENTER

R. He SFORZINI, We Ao FOSTER, JR. AND J. S. JOHNSON, JR.
AEROSPACE ENGINEECRING DEPARTMENT
NOVEMBER 1974
P2 223322222 222222222222 SRR RSS2SR 222 2222 2R £ 2
INTEGER GRAIN
REAL IDIFF
REAL MGE{yMCISosMNOZ yMNL 3 JROCK g NgyLyMELyMEZ ISP ITOT 4MU,MASS,1SPVAC
REAL N1 yN2¢NSEGyK]1 9gK2 yKEHJKENNSSLCCoLTAP
REAL M2,MDBARZISP2,ITVACKALKB, LAMKDA
COMMUN/CUNSTL/ZW s AEZAT THETA, ALFAN
COMMON/CUNST2/CAPGANM,ME o BULT s ZETAF,TR,HE,GAM
COMMODN/CONST3/SyNS»GRATIN
COMMON/CONST4L/CELDI #OC2D14,ZCyXT 4,120
COMMON/COUNSTS/KPLT
COMMUON/VARIAL/THyDELY DELTAT PCNDZyPHEADR +RNOZ y RHEAD,, SUMAB, PHMAX
COMMON/VARTIAZ/ABPURT yABSLOT  ABNGZ yAPHEAD, APNDZyDADY yABP2, ABNZ2 ,ABS2
COMMON/VARIAZ/ITOT 4 ITVAC y JROCK g ISP, ISPVAC HDISyMNCZySGy SUMMT
COMMON/VARTAL/RNT JRHT 4 SUNM2,R1 ,R2,R3,RHAVE ,RNAVE s RBAR,, YHB KCGUNT
COMMCA/VARTAS/ABMATI N, ABTO,SUMLCY,VCI,,VC
COMMUN/VARIAG/YD] L TEC
COMMON/VARIATZY, THRLST _
COMMON/PLOTT/ZINO, NOUM, IPT, 0P
COMNMCN/PLEGT2/NuMeLT
COMNMON/OJALA/CHTIH,CHINSSEN,SEH,CETINH AZ B2
COMMCN/QVALB/CHINMZCHIMNAV,SENN : ' :
COMMCN/OVALC/RUNDCH yRONDCHyRUNDGN RONDGHEXNEYNY EXHy EYH,
2ALPHAN, ALPHAH
camMmMON/OvALNMY/Z,IQ
COMMUN/OVALM2/KKT L 11
COMMON/SEEDR/ X
COMMCN/PAIRL/ Tl o TH2,DTW  Fisl s Fix2 2 DF WL sDFW2,CFW, TMAXG,DFMQ,

ZFDIFF+TDIFF X
COMMCN/PAIRZ2/FMAXL,, TFMXL,FMINL,TFMNL,

2 FMAX2 s TEMX2 yFIINZ2,TFMNZ
COMMCN/PAIRI3/JAFMAX , TFMAX AFMAXT ,, TFMAXT
COMMON/OUUTLI/FDIFIG.TDIFIG.DIT ACIT
CGMMCN/UUT2/CFI00K, TL1OGK
COMMON/DATA2/]

COMMON/ZTOFF/UFTOL,DFTQ2,TOFTOL,TOFTOZ
DIMENSIO 4 FLIFF(400C),TLIFF(4C0)
DIMENSIOMN NUMPLTI(S)

% &
¥ *
# &
¥ %
* _ , &
¥ BY . *
* *x
¥ &=
¥ %
% &
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TABLE IV-2 (CONT'D)

DATA P1,+45/3.14159,32.1725/
READ(5,500) NRUNS

C 22 22 i iR R R R R R 2R E R R R 2 SRR R R R X2 R R 22 RS R R R R R R

C %

READ IN THE NUMBER OF CONFIGURATIONS TO BE TESTED ¥

C ###*#*####**#*#########4########*##############4##*######0###########

500

11112

602

5000

FORMAT (42X, 12)

NPAJTRS=NRUNS/2

10P=0

NPLOT=0

KPLOT=0

TWl=0.0

FW1=0.0

WRITE(6411112)

FORMAT (20X, *DATA FOR STATISTICAL ANALYSIS PROGRAM?)
CALL SETUP

DO 901 I=1+NRUNS

REWINDG 2

IX1=1X

CALL INPUT

WRITE(64602) I

FORMAT(1H1,42X,*CONFIGURATION NUMBER ', [2)

IF(I-1) 5CCC,5C00,5001

READ(5,479) SUMDY,ANSyZW,Y,TyDELTAT,RNOZyRHEAD,SUMABPHMAX, SUM2,I1T

10Ty RHTyRHNTyR14R2)R3,RHAVE ,RNAVERBAR, ITVAC, SUMMT

WRITE(29499) SUMDY s ANSyZueY,yToDELTAT,RNOZyRHEEADy SUMABy PHMAX,,SUM2Z, |

LTOTRHT 4 RNT4R14R24R3,RHAVE yRNAVE yRBARy ITVAC, SUMMT

GO TO 5002 , '
READ(2+493) SUMDY,ANS+ZWoY,TyCELTATRNOZ4REEAD, SUMAB,yPHMAX, SUM2,IT

5001
10T RHTRATyR14R2yR3,RHAVE ;RNAVE yRBAR, I TVAC, SUMMT

5002 CONTINUE
C XAk R R R NGB R R SRR AR SR AP AR AR AR EREF IS L AF RGN E R BRI T R E &
c =* SET INITIAL VALUES OF SELECTED VARIABLES EQUAL TU ZERO %
C * #xeNOTE**% THESE VALUES MUST BE ZEROED AT THE BEGINNING OF %
cC = CACH CCNFIGURATIUON RUN &
c ########v*####*#t##*######*######*############t###t###tt####t##t##t##

493 FORMATI(22F3.1)

IF{I-1) 5003,9003,5004
5003 READ(94491) 1EG, IPO.(NUMPLT(JP) JP=1,5)
WRITE(2,491) IEC,IPQO,(NUMPLT(JP),JP=1,5)
GO TO 5005 :
5004 READ(24+491) 1EGsIPOy {NUMPLT(JP) 4JP=1,45)
5005 CONTINUE.
491 FORMATI(SX,I1e5XyI1,49X,511)

C #*#########*######################t###############t###t####t#*#t#*t##
cC = READ IN YHE USER®*S OUPTIONS ¥
C * _ *
C # VALUES FOR JEU ARE o *
C * 0 FOR NO OVALITY . *

-52—



elaNeNalaNel

OO0

TABLE IV-2 (CONT'D)

L FOR OVALITY ANALYSIS ¥
VALUES FOR [P0 ARE *
0 FOR NO PLOTS AND NC STATISTICAL ANALYSIS *
1 FCR PLDTS AND TABULAR QUTPUT *
2 FOR TABULAR QUTPUT GNLY *
3 FOR PLOTS ONLY %

CONTIHUE ’
* VALUES FOR NUMPLT(J) ARE (NCT REQUIRED FOR IPO= 0 3) *x
% 0 IFf SPECIFIC PLOT 1S DESIRED %
¥ 1 IF SPECIFIC PLOT IS #NOT DESIRED *
% ORCER CF SPECIFICATICN OF NUMPLTI(J) IS ¥
X 1 THRUST VS TIME (ENTIRE TRACE) *
* : *
* %
* &
* %
& %

& 4 3 3 3

2 THRUST VS TIME (TAILCFF PORTICN CNLY)
3 THRUST IMBALANCE VS TIME
4 TOTAL IMPULSE IMBALANCE VS TIME
5 ABSOLUTE TOTAL IMPULSE IMHBALANCE VS TIME
LT LT TR E TR PR TPy ey P P P PP F P F T PP P TR F T L 2 2 L LT

WRITE(644932) IEU,IPO, INUMPLT(JP),JP=1,5)

492 FORMAT(// 420X+ *OPTIONS® /413X, 1EQ= *y11,4/913X,*IP0= *,1I1,

2/ 913X, "NUMPLT(J)= ',512)

11111 FORMAT({El6.9)

OO0 00n

READ(4,1111L1) RHOLAL,N1,A24N2,ALPHABETA,RQOAL )
R R T R Sy R R g g g R R g R g YL A 21 I 1T L,

¥ READ IN BASIC PROPELLANT CHARACTERISTICS %
% *
s I 2 S s I I T R R R R SRS RS
* THE FULLCWING VARIABLES ARE CRBTAINEC FROM THE STATISTICAL x
* ANALYSIS PRNOGRANM ‘ *
I s s I N R R I T Y 2 A R EE RS 2 E N2
* *
® RHO IS THE CENSITY OF THE PROPELLANT IN LBM/IN%%3 *
¥ Al IS THE BURNING RATE COEFFICIENT BELOW THE TRANSITION *
% PRESSURE *
* N1 IS THE BURNI{G RATE EXPOHWENT BELOW THE TRANSITION PRESSURE *
% A2 IS THE BURNI=G RATE COEFFICIENT ABOVE THE TRANSITION x
* PRESSURE ‘ ' *
* N2 [S THE BURNING RATE EXPCNENT ABOVE THE TRANSITIOY PRESSURE *
* ALPHA AND BETA ARE THE CONSTANTS IN THE EROSIVE BURNING *
% RELATICN OF ROBILLARD ANE LENIOR %
* ROAL IS THE OXIDIZER TO ALUMINUM RATIO *
e R 22 2 S S N Y s I ST s R R SRS RS
% %
Y I Y i I R Y T s R SRR Y
* DEFINE CSTARN AND GAMN *
% : &
* CSTARN IS THE NCGMINAL THERMOCHEMICAL CHARACTERISTIC EXHAUST x
* VELCCITY Id FT/SEC AT 1CCO0 PSI AND 60 DEG F %
* GAMN IS THE NCMIYAL RATIO GF SPECIFIC HEATS FOR THE *
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TABLE IV-2 (CONT'D)

cC = PROPELLANT GASES , ®
C #0200 X R0k dABRBX LI LRXREARIARLIRRTBAEBREERRREXKEBESEBERX LA RR KSR
C = %
CSTARN=-17.8475%¥R0AL+5239.7
GAMN=ROAL*5.67357E-3+1.11707
cC * *
C #5280 X 0 b 0¥ 00 A0SR RBLABRBISEARPRXEEXALRLRERARILIARAREX

WRITE(6,603) RHOyAl N1 yA24N2yALPHA,BETA,ROAL,CSTARN,GAMN
603 FORMATI( // 420X PROPELLANT CHARACTERISTICS®y/413Xe*RHO= "4FB,64/,1
23XQ'A1= '9F7.5'/1I3XQ.NI= "F5.3'/913XQ'A2= '.F?.S./.IBX.'N2= *,
3FS5e33/+ 13Xy ALPHA= Y, F4 .14/ 313X,'BETA= *,FS.19/7913X,'RUAL= *,FT.4
49/ 913X "CSTARN= 4 1PELlLlaéys/ 913X, '"GAMN= ', 1PEL1Ll.4)
IF(IP0)4002,40C2,3999
» 3999 IF(1.EQ.1) CALL GSIZE(12C0.0,11.0,1121)
"IFt(~1)%%]) 4000,4000,4001
4000 REWIND 1
KPLT=1
GO TO 4002
4001 KPLT=2
4002 CONTINUE
RHO=RHO/G
IF(I-1) 3006,5006,5007
5006 READ(5,502) L,TAU
WRITE(Z2,502) L,TAU
G0 TO 5008
S007 READ(2,502) L,TAU
5C08 CONTVINUE
IF(IECQ) 6CCC,6C00,6001
6000 READ(4,11111) CEyDTI,THETA,ALFANLTAP,XT,20,2C
GO0 TOU 6002
6001 READ(4,11111) CE+DTI,THETA,ALFAN,LTAP,XT,20,2C,
2RONDCN,RINDCHy RONDGN s RONDGH s EXNyEYN9EXHyEYHALPHANy ALPHAH

6C02 CONTINUE
EEBFEREEFER XA DR R AR ARG ERRE AR DL XX EAR DRI R AR LRI RDERE RPN 0RO Rk

DE IS THE DIAMETER OF THE NOZZLE EXIT IN INCHES
DTI IS THE INITIAL DIAMETER OF THE NOZZLE THROAT [N INCHES
THETA IS THE CANT ANGLE OF THE NOZZLE WITH RESPECT TU THE

C

cC = READ IN BASIC MOTOR DIMENSICNS *
cC = *
cC = L IS THE TOTAL LENGTH OF THE GRAIN IN INCHES &
cC = TAU IS THE ESTIMATED AVERAGE WEB THICKNESS OF THE CONTROLLING *
C =* GRAIN LENGTH IN INCHES ¥
C %
C T X2 223222222222 2SS S22 2 2R S22 2R RSS2SR RS SRR R Y S S
C = THE FOLLOWING VARIABLES ARE OBTAINED FROM THE STATISTICAL %
cC = ANALYS1S PROGRAM . %
' T2 T2 2SR RSS2 PR R RSS2 R RS2 R 2 0 22
C % %*
C *

C *

c %

#* ®R %
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H# O3t 4 4 36 36 dr 3 3 3 3 3 i 3

*
%
502
6003

6004

600%

TABLE IV-2 (CONT'D)

. MOTCOR AXIS IN DEGREES
ALFAN IS THE EXIT HALF ANGLE OF THFE NOZZLE [N DEGREES
LTAP IS THE LENGTH OF THE GRAIN AT THE NOZZILE END HAVING
ADDITICNAL TAPER NOT REPRESENTEC BY 20 IN INCHES .
XT IS THE DIFFERENCE IN WEB THICKNESS ASSOCIATED WITH LTAP
Z0 IS THE IMITIAL DIFFERENCE BETWEEN WFH THICKNESSES IN
INCHES DUE TOU GRAIN BORE TAPER AT THE HEAD ARD AFT ENDS
OF THE CONTROLLING GRAIN LENGTH
ZC IS THE INITIAL DIFFERENCE BETWEEN WEB THICKNESSES IN
INCHES DUE TU GRAIMN EXTERIOR TAPER AT THE HEAD AND AFT
ENDS OF THE CONTROLLING GRAIN LENGTH
CONTINUE
RUNDCN AND RCNDCH ARE GCHE HALF THE DIFFERENCE IN INCHES *
BETWEEN THE MAXINMUM AND MININMUM DIAMETER OF THE GRAIN %
EXTERICR AT THE NUOZZLE AND HEAD END REFERENCE PLANES &
RESPECTIVELY %
RONDGN AND RONDGH ARE ONE HALF THE DIFFERENCE IN INCHES %
BETWEEN THE MAXIMNUM ANGC MINIMUM DIAMETER OF THE GRAIN %
INTERICGR AT THE NOZZLE ANMD HEAD CND REFERENCE PLANES ¥
RESPECTIVELY ¥
EXNsEYN,EXH AND EYH ARE THE ECCENTRICITIES IN INCHES QOF THE %
X
%
*
%
£
*
*
*

3 3t 3 4 3t 3 o #* &#

CENTER OF TFrHE GRAIN INTERICR 4ITH RESPECT TU THE GRAIN
EXTERIOR AT 'THE NOZZLE AND HEAD END REFERENCE PLANES
RESPECTIVELY
ALPHAN AND ALPHAH ARE THE ANGULAR ORIENTATINNS IN DEGREES
OF THE OVALITY QFf THE GRAIY INTERIODR WITH RESPECT TC
THE GRAIN EXTERIGR AT ThRE NOZZLE AND HEALC END REFERENCE
PLANES RESPECTIVELY
N I R R I I s s I o T s T L T TN I
FORMAT{3X4Fl0.245X,F10.3}
IF(IEQ)Y 6C03,6C03,6004
WRITE(64,6040) Ly TAULZOEZDTI o THETALZALFAN,LTAPXT,20,4,2C
0O TO 6005
WRITE(64604) LyTAULSDE DTIZTHETALALFAN,LTAP,XT,4Z20,2C,
2RONLCCN ¢ RONCCHyRONDGN ¢ RONDGH W EXNJEY Ny EXHyEYH, ALPHANy ALPHAH
CONTINUE

604 FORMATI(//,20X,'"BASIC . MOTOR DIMENSIONS',/,13X,'L= '4,FB8.2,4/,13X,

1°TAU= Yy Fbe3y/413X,%0E= Y, .

2IPELL.4y/ 913Xy 'OTI=y 1PELL.4y /913X, *THETA= ', IPELL.4y/ 413X, 'ALFAN=
3 LIPELL G/ 913X 'LTAP= YL 1PELY.Gy/ 413X, 'XT= *,1PELL.4,/413X,'10=
4.'lpEll.4'/113X1'ZC: " .
SIPELLL4s/ 13Xy "ROMDCN= *4,1PELL.4,/,13%X, 'RONDCH= *,1PEL1Ll.4,/+13X,
6'RONDGN= '3 1PCLL.4,4/ 913X *RONDGH= '3 1PELLe4,y /13X, "EXN= *,1PELll.4,
T/7213Xs*EYN= "G IPELL 43/ 413Xy "EXk= "L 1IPELL /13X,y *CYH= *,|PELlLl.4,
8/,13Xy"ALPHAN= Y, 1PFL]1.4,/413X,"ALPHAH= ', 1PE1l.4)

6040 FORMAT(//420X+'BaSIC MOTGR DIMENSIUNS'y/+13Xs'L= *"4yFBa2¢/,13X,

L*TAU= "yF6.34/413X,'CE= 1,
2IPELLe4y /413X 'DTI=*41PELL.4 /413Xy *THETA= *(1PELLla44/ 413X, "ALFAN=
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TABLE IV-2, (CONT'D)

3 ¢y 1PELL.4y/ 913Xy "LTAP= 4 1PEL144e/ 913Xy *XT= *,1PE1le4,/413X,°20=
4' JlPELLl 4y /913Xy '2C= '"41PELLl.4) ’
THETA=THETA/%7.29578
ALFAN=ALFAN/57.29573
ALPHAN=ALPHAN/S5T.29578
ALPHAH=ALPHAH/57.295178
IF(I-1}) 5CC345C07,5010
5009 READ(5,503) DELTAY, Il XOUT,DPOQUT,ZETAF,TBsHBsPREF,DTREF,PIPK,
2CSTART,PTRAN4CSTARP s GAMP,TMAXQ )
WRITE(Z2,503) DELTAY,[1,XOUT,OPOUT,ZETAF,TB,HB,PREF,DTREF,PIPK,
2CSTART,PTRAN)CSTARP ,GAMP , TMAXG
G0 70 5011
5010 READ(2,503) CELTAY,I1,XOUT,DPOUT,2ETAF,TByHB,PREF,DTREF,PIPK,
2CSTART,,PTRANZCSTARP yGAMP , TMAXQ
5011 CONTINUE
READ(4,11111) ERREF+TGR,TIGR
L2 22 2222 2 2 R R RS 2 2 R R R R s 2 2 R R SRR 2R R R 2R R Y Rt T

% "READ IN BASIC PERFORMANCE CONSTANTS *x
« *
¥ DELTAY IS THE DESIRED BURN INCREMENT DURING TAILOFF IN INCHES %
% IT IS THE NUMBER OF INTEGRATICN STEPS USED IN QOVAL *
* XOUT [S THE DISTANCE BURNED [N [INCHES AT NHICH THE PROPELLANT *
% BREAKS UP %*
% DPOUT IS THE DEPRESSURIZATION RATE IN LB/IN=%3 AT WHICH THE *
* PROPELLANT IS EXTINGUISHED *
% ZETAF IS THE THRUST LOSS CCEFFICIENT . %*
% TMAXQ IS THE ESTIMATED TIME AT WHICH THE MAXIMUM DYNAMIC x
% PRESSURE QCCURS (ON THE VEHICLE %
% T8 [S THE ESTIMATED BURN TIMg 54 SECCNDS *
* HB IS THE ESTIMATED BURNOUT ALTITUDBE IN FEET *
% PREF IS THE REFERENCE NOZILE STAGNATICN PRESSURE *
* DTREF IS THE REFERENCF THROAT DIAMETER *
* PIPK IS THE TEMPERATURE SENSITIVITY COEFFICIENT OF PRESSURE #*
& PER DEGREE F AT CONSTANT K ' &
& CSTART IS THE TEMPERATURE SENSITIVITY PER DEGREE F OF CSTAR %*
* AT CONSTANT PRESSURE *
% CSTARP IS THE PRESSURE SENSITIVITY OF CSTAR *
* PTRAN IS THE PRESSURE IN PSIA ABOVE WHICH THE BURNING RATE %
% EXPCHENT CHANGES *
* GAMP IS THE PRESSURE SENSITIVITY OF GAM %
B GR A R R R U E RIS SRR R ER AR EE R FSR R E SRS RA RS A AR AP A BB E R AR SR AR AKX
CONT INUE
I I e R R e e T P Y LR R A I el
* THE FOLLCWING VARIABLES ARE OBTAINED FROM THE STATISTICAL *
* ANALYSIS PROGRAM .
P L I s I I eI I
* *
3 ERREF IS THE REFERENCE THROAT EROSICN RATE IN IN/SEC ¥
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TABLE IV-2 (CONT'D)

c = ~ TGR IS THE BULK TEMPERATURE CF THE GRAIN [N DEGREES F *
c = TIGR 1S THE IGNITION DELAY }IN SCCONDS AT 60 DEGREES F %
C BEEREEEF R AR AR R AR AT SR IR AR IF SR AR RN A e G A RN aaRH &)
503 FORMATIBXyFlOe394Xe1496XsFl0e2,7TXpFLl0.297XeFl0ebo/9aXyFl10.104X,
2F10e1 36X gF10e2¢TX3F1l0e396XeF10e59/98XyFl0.T747XeF10. 2'8X F10.7'
36X5F10. 7|/v7XcF10 3)
WRITE(6,606) UELTAY.[ItXOUToDPOUT.ZETAFoTB'HB'ERREF'PREFpDTREF
29 TGRHPIPK,CSTARTyPTRANCSTARP ,TIGR,GANP,TMAXQ
606 FORMAT(//, ZOX,'BASIC PERFORMANCE CONSTANTS'y/,13Xs"DELTAY= %,F5.3,"
1/7+13X,%11= vl“v
1/7:13X,*X0UT= 9F7.21/913X’ '‘DPOUT= *',F9.2,/:13X4y*ZETAF= .1F6.‘09/'13
2X9"TE= V9FSelo /913Xy *HB= *4yF7.04/413X,'ERREF= !
39FBe53/7 013Xy YPREF= Y3FB8e2¢/ 913X "DTREF= Y2WF7.3,7,13X,%TGR= *,F7.3,
4/ 413X,'PIPK= "4 F7.54/913X9'CSTART= " 4F10.74/+13X,'PTRAN= *,F8.2
Se/ 913X, 'CSTARP= *,Fl04Ts /913X *TIG= "4FT7eb49/+13Xy'GAMP=_Y,F10.7,
6/ 13XV TMAXG= "4 FT7.3)
TIG=VIGR*EXP(PIPK%{60.0-TGR))
T=TIG
A=Al
N=N1
CSTARR=CSTARNRXEXP(CSTART*(TGR-60.))
GAM=(GAMN
Q=A%EXP{PIPKE(]l.-M)%(TGR-60,))
KKI=0
CHIH=1.0
CHIN=1.0
CHIN:=1.0
CHINAV=1.0
SEN=Q.0
SENN=C.0
SEH=0.0
CHINH=1.0
NDUM=0
IPT=0
MN1=,85
ME1=7.0
I=10+1C
Q=120
$=0.0
NS=0.0
KOUNT =0
KEWAT=0
ABMAIN=0.0
ABT(O=0.0
TW2=0.0
DTW=0.0
FWw2=0.0
DFH=0.0
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40
41

42

43

90

2

832

TABLE 1V-2, (CONT'D)

DELY=DELTAY

TOP=GAM+],

BOT=GAM-1.

ZAP=TOP/(2.%80T)
CAPGAM=SORT(GAM) *=(2./TOUP ) &%ZAP
AE=PI*DE*CE/4.

IFIXTe.LE.C.O) TE=0.0
TCALL=(TAL-XT-ABS(Z/2.))/71.05
IF(IEQ.EQel AND.Y.GTLTCALL) CALL OVAL
IFIXT.LE.O0.0) GO TO 40
TL=LY=-TAU+XT+2/2. ) *LTAP/XT
IF(TL.LE.O.0) TL=0.0
IF{TL.GE.LTAP) TL=LTAP
TE=LTAP-LTAP*CHINAV
IF{IEC.EG.Q0) TE=TL

IF(T-TIG) 41,41,442

DT=DT1

CSTAR=CSTARR

GO TO 43

RADER=ERREF*( (PONOZ/PREF)*%0,.8)*({ (DTREF/DT)%*%0,2)
DT=DT+(2.0%¥RADER*DELTAT)
AT=P1%DT%DT /4.

CALL AREAS

IF({Y.LE.O.0) VC=V(Cl
IFIABS{ZW).GT.0.0) GO TO 20
JIF(SUMAB.LE.OC.O) GO TO 31
X={ABPORT +ABRSLOT)/SUMAB

MNOZ=AT*X/APNOZ*(2.*%{1+BOT/2.%MNL¥MNL)/TOP)%%ZAP
IFCABSIMNGZ-MNL)LE.0.002) GO TOU 2

MN1=MNOZ

GG YO 90

VNOZ=GAM*CSTARXMNOZ*SQRT (( (2, /TCP)**(TOP/BOT))/KI +B80T/2.#MNOZ%MNO
12))

PRAT=(1.4B0T/2.#MNOZ*MNOZ) #%(-GAM/BOT )
JROCK=AT/APNOZ

SUMYA=DELY*{ADBP2+4ABN2+ABS2)

[F(Y.CQ.0.0) SUMYA=0.0

VC=VC+SUNMYA

IF(Y.6T.0.0) GO TQ L1 |
PONCZ=(Q#RHO*CSTAR*SUMAB/AT ) ##(1./(Lo~N))*( 1.+ (CAPGAMKJROCK)#%2/2.
L) %% (N/(1o=N))

PON=PUNOZ

CSTAR=CSTARR®(PONOZ/1000.)#*CSTARP
MDIS=AT#PCNGZ/CSTAR

P2=P0ONOZ

PONGZ2=PUNOZ

PNOZ=PRAT#*PCNOZ

P4=2.*MDIS*VNOZ/ (APHEAD+APNOZ ) +PNOZ
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TABLE IV-2 (CONT'D)

IF{GRAINLERQ.3) P4=MDIS*VNOZ/APNOZ+PNQOLZ
5 PNOZ=PRATX*PCHCZ
PHEAD=2.x=NMDIS*VNOZ/ (APHEAG+APNCGZ) +PNOZ
IF{GRAINLEG.2) PHEAN=MDIS*VNOUZ/APNOZ+PH0OZ
IF(PHEAD.LT.PTRAN)N=]
IF(PHEAD.LT.PTRAN)A=AL
IF(PHEANLGELPTRAN)IN=12
IF(PHEAD.GELPTRAY)A=AZ
RHEAD=Q*PHEAD* %N
ZIT=MD]ISxX/APNOZ
RN1=RHEAD
PHEADZ2=PHEAC
ITF(PUNOZ.LT.PTRAN)IN=N]
IF(PONOZ.LT.PTRAN)A=AL
IF(PONOZ.GEL.PTRAN)IN=N2
IF{PCNDZ.GELPTRANN)A=A2
3 RNOZ=RNLI=((RN1-Q%PNOZ*xN~- ALPHA"‘ZIT"‘*.B/(L*l°= Z*EXP(dETA*RVI*RHD/ZIT
1))) /711 4+ALPHA®ZI TA%x,8%BETAXRHD/ZIT/ (L**x,2*XEXP(BETA#RNL*RHO/21IT))))
IFIABSIRNLI-RNDZ).LE.0.002) GO TO 4
RN1=RNOZ
GO 10 3
4 AVEL=(RHEAC+RNGLY /2.
IF{Y.GT.C.0) GG TO 7
RN2=RNQ?
RH2=RHEAD
PONJ=PONOZ
DPCLCY=0.C
AVEZ2=AVEIL
T RNAVE={RICI+RN2) /2.
RHAVE={RHEAL+RH2) /2.
MGEN=RHU/2 <% ( (RNOZ+RHEAD ) * (ABPORT+ABSLOT)+2. *Q*POVO[**V*ABNDZ)
DRDY={AVF1-AVEZ2)/DELY
RBAR={AVELl+AVE2)/2.
GMAX=1.,0002%M01IS
GMIN=0.9998%MIS
IF(Y.GT.0.C) GO TO 12
GMAX=1,001*MDIS
GMIN=C,299%MDIS
IFIMGENeGEGMINJAND. MGENLLE.GMAX) GO TO 6
MDIS=MGEN
PCNOZ=MDIS*CSTAR/AT
GO 10 5
6 PONJ=PONUZ
17 GAM=GAMN*{PCAHOUZ/1000.)%*xGAMP
TOP=GAM+1.
ROV =GAM-1.
ZAP=TOP/{2.%B0T)
CAPGAM=SORT{GAM)%{2,./TOP)%%LAP
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10

18

16
55

11

12

TABLE IV-2 (CONT'D)

ME=SQRT(2./BOT#(TOP/2.8(AEXMEL/AT)®*(1./ZAP)~1.))
IF(ABS(ME-MEL).LE.0.002) GO TO 9

ME1=ME

GO TO 17

IF(Y.LE.0.0) CALL OUTPUT

IFIY.LE.U.0) GO TO 10

DELTAT=2.%DELY/(RHAVE +RNAVE)
Z=7+DELTAT*(RNAVE-RHAVE)
ZQ=ZQ+DELTAT*(RNAVE-RHAVE)

T=T+DELTAT

CALL OUTPUT

IF(Y.LE..05%TAU) GO TO 16

SINK1=VC/(CAPGAMSCSTAR) $25RBARSDPLDY/12.
MASS=.01%MDIS

ANS4=Y+1C.0#DELTAY

IF(KOUNT.GT.0) GO TO 16
IF(ABS(SINKL).LE-MASS.AND.ANS4.LE.ANS-XT) GO TO 18
GO TU 16

DELY=10.*DELTAY

GO TO 55

DELY=DELTAY

YLED=Y

Y=Y+DELY

1F(Y.GE. (TAU-XT=2/2.) s AND.KEWAT<£Qu0) DELY=TAU-XT=2/2.=YLED
IF(Y.GE.(TAU=XT~2/2.) «AND.KEWAT.EQ.0} Y=TAU-XT-2/2.
IF(Y.GE. (TAU-XT-2/2.) «AND.KEWAT.EQ.0) KEWAT=1
ANS=TAU-ABS(Z/2)

IF(Y.GE.ANS.AND.KOUNT.EQ.0) DELY=ANS~YLED
IF(Y.GE.ANS.AND.KOUNT .EQ.O) Y=ANS
DELTAT=2.%DELY/(RHAVE+RNAVE )

SUM2=SUMAB

'RN2=RNOZ

RH2=RHEAD

AVE2=AVE1

G0 TO 1 .

CSTAR=CSTARR®* (PONO2/1000.)**CSTARP
MDIS=AT*PONGZ/CSTAR

GO TO 5 ‘

pPCDY=(1. /(1.-~))t((PHEADZopowozZ)/t(AapzoABMZoasszltz )$DADY)
IF(ABS(DPCDY) . GE.DPOUT.OR.Y.GEXOUT) GO TO 25
SINKL=VC/(CAPGAM®CSTAR) *42#RBAR*DPCDY/12.+(PHEAD2+PONDZ2) /2. % (RNAV
1E+RHAVE ) /2. %{ ABP2+ABN2+ABS2)/{12.#(CSTARSCAPGAM) #%2)
STUFF=MGEN-SINK1

MDI S=STUFF

PONOZ=MDIS*CSTAR/AT

IF(2.*Y+DI+DELDI .GE.DO) PONOZ=PONJ+DPCDY#*DELY
IF(STUFF.GE.GMIN.AND.STUFF.LE.GMAX) GO TO 14

GO T0 5
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14

2221
2223

2222

51

20

32

211

TABLE IV-2 (CONT'D)

P1=PONOZ

PONJ=PONOLZ
PONIOZZ2=(PL+P2)/2.
p2=P0ONOZ

P3=PHEAD
PHEADZ=(P3+P4) /2.
P4=PHEAD
MDIS=AT*PCNUZ/CSTAR
IF(KEWAT.CQ.1) 50 TO 2221
GO TO 2222

WRITE(6,2223)
FORMATI// 3T Xy ek a3 et a bbbt dbarahgekr, /

237X 3% [MITIAL TAIL OFF CEGINS =x%xv,/,47X,

AR R R LI L BT R L T Y P P T R L
KEWAT=KECWAT+1

CONTIRUE .

IF(Y.LT.ANS) GC TO 17

lw=1

YW=Y

SUMBA=SUMAB

P1=PCNOZ

RHZ2=RHEAD

RN2=RNUZ

RAVE=AVEL

ABMATIN=SUNMAR

ABT0=0.0

WRITELO6,51)

FORMAT(// 93T X g Vot otk IR S 42322 R0k bkt d, /37X, V2% FINAL

2TAIL GCFF BEGINS %5324 o/ o3 X g Vb2 2 xRt ek urint)

IF({-1)*%*1.LT.C) TWl=T7

IF((-1)%%1,LT.0) Fvil=THRUST

IFL(-1)4%]1.GT.0) TW2=T

IF{(-1)%%].GT.0) FWZ2=THRLST

IF(TW2.NZe0o) DTW=ABS{TWZ-TWl)

[IF(THZ2eNC0.) CFW=ABS({FW2-FKL)

ANS2=TAU+ABS(Zn/2.)

KOUNT=KOUNT+1

IFIKGUAT.EC.1) GO TO 17

DELYw=DELTAY

DY2=DELYW

IFUZW) 32,32,33

IF(Y.LT.ANS2.AND.ABS(ZVW).GT.DY2) GO TO 211

SUMAB=ARMAIN

GO 1O 31

SUMDY=SUMECY+DELY W

SUMAE={(1.4+SUMDY/ZU-DELYW/ (2.%ZW))*ABTO-(SUMCY/ZW-DELYW/(2.%ZW)) *AB
1IMAIN : .
GO0 10 31
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TABLE IV-2 (CONT'D)

33 IF(Y.LT.ANS2.AND.ZW.GT.0Y2) GO TO 21
SUMAB=ABTO
GO TO 31
21 SUMDY=SUNDY+DELYW .
SUMAB={1.-SUMDY/ZW+DELYW/(2.%ZK) ) SABMAIN+ [SUMDY/2ZW-DELYW/ (2.%ZW) ) *
1ABTO
31 IF(SUMAR.LE.0.0) PCNOZ=PONUZ/2.
IF(SUMAB.LE.0.0) GO TO 25
CSTAR=CSTARR*(PONOZ/1000.)**CSTARP
MDIS=AT*PCNCZ/CSTAR
ABAVE=(SUMAB+SUMBA) /2.
SUMYA=DELY*ABAVE
VC=VC+SUMYA
DADY={ SUMAB~SUMBA) /DELY
PBAR=(P1+PONOZ) /2.
SUMBA=SUMAB
22 DPCDY=PBAR/(1l.=N}*1./ABAVESDADY
IF(PONOZ.LE.5.0) GO TO 25
RNOZ=Q&PCNOZ* &N
RHEAD=RNOZ
RBAR=(RHEAD+RAVE) /2,
MGEN=RHO* (RNGZ+RHEAD) /2, %SUMAB
GMAX=1.0002*MCIS
GMIN=0.9398%MC1S
SINK[‘VC/(CAPFAM*CSTAR)#tz*RBAR*DPCDY/lZ.*PBAR#ABAVEIl12 #(CAPGAM
*#CSTAR) ®%2) #RBAR
STUFF=MGEN-S INKL
IF{STUFF.GE.GMIN.AND.STUFF.LE.GMAX) GO TO 23
MDIS=STUFF ‘
PONOZ=P0+J+CPCCYSDELY
IF{PGNOZ.LE.0.Q) PUNGZ=0Q.0
PBAR=(P1+PCNOZ)/2.
GO TO 22
23 RHAVE=(RH2+RHEAD) /2.
RNAVE=(RN2+RNOZ) /2.
RH2=RHEAD
RN2=RNOZ
PHEAD=PU10Z
RAVE=RHEAD
P1=PONOZ
PONJ=PONOZ
MDIS=AT*PCNOZ/CSTAR
IF(ABS(DPCDY).GE.DPOUT) GO TO 25
IF{Y.GE.XOUT) GO TO 25
GO YU 17
25 SUMAB=0.0
RHEAD=0.0
RNOZ=RHEAD
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29

28
100

1022
102

TABLE IV-2 (CONT'D)

PHEAD=PONOZ

MDIS=AT*PCGNOZ/CSTAR

WRITE(64318)

FORMAT(//, 37x,'#########t##t##*t######t*###*##*t0,/ 37X, 8%%% BEGH
IN HALF SECCND TRACE %%%&0,/ 37X, ' akd skt st ihdxnsorsdbbbdtdsns
1')

DELTAT=2.0%DELY/{RHAVE+RNAVE)

T=T+DELTATY

CALL Ourepur

IF(PCNOZ.LE.OC.O) GO TO 100

TIME=T .

DELTAT=.5

TIM=TIME+5.

PHT=PHEAD
"PONT=PUNOZ

$6=0.0

T=T+DELTAT

- CSTAR=CSTARR*(PONDOZ/1000.)*%CSTARP

PHEAD=PHT/EXP(CAPGAN&%2%ATXCSTAR/VC*(T~TIME)*12,)
PONOZ=PHEAD

MDIS=PONOZ*AT/CSTAR

Y=Y+.5%RHEAD

© CALL 0uTPUT

IF(TLT.TIM.ANC.PHEADLGE.5.0) GO TO 29

WP1=G*SUMMT

WP2=RHO*(VC-VCI)*G

WP={(WPLl+WP2)/2.

ISP=1TOT/ WP

ISPVAC=ITVAC/kP

WRITELl6,1022)

FORMAT(//4+20X,"INCIVIDUAL MOTOR DATA?')

WRITE(64102) WPLyWP2,WPyPHMAX, IX1,IX

FORMAT(L3X,) "WPLl= "4 1PELLe4y/ 413X, " WP2= ", IPELL.4,4/,413X,y*WP= *,0000
L1PELL a4y /413Xy "PHMAX= 'y IPELLe4y /913X, IX1= 41104/ ,13X,%IX= ¥,
2110) '
NDuM=1

IF(IPO.NE.O) CALL OUTPUT

IF{IPO.EQ.O0) GO TO 901

IF((-1)=*x].LT.0) GO TO 901

CALL PAIR

CALL  SIGBAR(AFMAX,S1,S2,SAFMAX,BAFMAX, [ NPAIRS,5G1,S5G2)
CALL SIGBAR(TFMAXSA4SHB,STFMAX,BTFMAX, [4NPAIRS,S5G3,5G4)
CALL SIGBAR(AFMAXT,S3,S4,SAFMXT,BAFMXT, I4NPAIRS,SG5,SG6)
CALL SIGBAR(TFMAXT2SCoySO»STFMXT BTFMXT, 14,NPAIRS,SG7,5SG8)
CALL SIGRAR(DFTOL,ST4SU,SDFTO1,BDFI0O1,I4NPAIRS,5G19,5G20)
CALL SIGRAR(TDFTOLySHA,SIA,STCFT1,BTOFT1,I4NPAIRS,SG9,S5G10)
CALL SIGBAR(DFTO24SVySWySOFTO2,8BDFT02,14NPAIRS,SG21,45G22)
CALL SIGRAR(TODFTO2ySJsSKySTDOFT2,BTDFT2,1,NPAIRS,SGL1,S5G12)
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CALL SIGBAR(DTWSP+SQsSDTW,B0TW, [ NPAIRS,S5G13,5G14)

CALL SIGBAR{FWlySLAJSMA,SFWlyHFWLl,[,NPAIRS,5G1%,5G16)

CALL SIGBAR{FW24SN¢SOySFW2,BFW2,14NPAIRSySGL17,5G18)

CALL SIGBARI(UFneZ14£2+SDFn+BDFwel+NPAIRS,S5G37,5G38)

CALL SIGUBAR(DFMQySX¢SYySOFMQ,ROFMQy 1 +NPAIRS,5G23,5G24)

CALL SIGBAR(FDIFIG,SEsSF,SFOFIG,BFOFIG,I+sNPAIRS+5G25,5G26)

CALL SIGBAR(TDIFIGySEAySAF,STCFIG,BTDFIGy IyNPAIRS$SG2T,5G28)

CALL SIGBAR(DIT,S5¢S6+SOITM8CIT,[,8PAIRSySG29,5G30)

CALL SIGBAR(ADIT,S7,58+SADIT,BACIT,I,NPAIRS,SG31,5G32)

CALL SIGBAR(CF1I00K,D1,D2,SF100K+EF100K,I,NPAIRS,SG33,5G34)

CALL SIGBAR(T100K,U3yD4,ST100K,BTL100K,I1sNPAIRS,S5G35,5G36)

901 CONTINUE

IFUIPO.EQ.C) STOP

WRITE(6,887)

B87 FORMAT{//+20X,*STANCARD DEVIATIONS AND MEANS FOR MOTOR PAIR DATAY,
2/41146X 4" VAR, " 46Xy STDs DEVa. 95X, MEAN ')

WRITE(6,888) SAFMAX,BAFMAX,STFMAX,BTFMAX,SAFMXT,BAFMXT,
2STEMXT,BTFMXT,
2SDFTO1,BOFTOL,STDFTLBTDFT1,SCFTG2+BDFT02,STDFT2,BTDFT2,
2SOTWyBDTWySFWL,BFWLsSFW2,BFW2ySOFW.BOFW,SOFMG,BDFMQ,
2SFDFIG,BFCFIG,STDFIG.BTOFIG,SCIT,BDIT,SADIT,BADIT,SF100K,BF100K,
25T100K,BTLICOK

888 FORMAT(13Xs *AFMAX '35Xy1PELYe495X41PELLabq4/,
213X, 'TEMAX " 45X LPE1l 445X 1PELL LG, /,
213X, "AFMAXT® 4SXs1PELL 445X 1PELLLGy/,
213)(,'TFMI\XT'.‘)'X,IPEll.‘o.‘JX,lPEll.‘n/'
213X, *CFTOL "9 5Xy 1PELL 445X 1PELLLG,/,
213X, *TDFIOL " 4y5Xy1PELLa4y5X,1PELL G,/

213Xy 'DFTU2 * 45Xy IPEL1Le4 45K 1PELL 4,7,
213X *TDFT02" 45X 1PELL 445X 1PELLLGy/y
213X, 'DTW '95X e IPELL o4 ,y5Xy1PELLLG,/,
213X, *'Fiil Ye5X,1PELLLG,5Xy1PELLLG,/,
213X, 'FW2 YySXe IPELL 445X IPELL.4,/,
213X, 'DFW '95Xs1PELL o4y 5Xe1PELLLG,/,
213X, 'DFMU " yS5Xy1PEL1L 445Xy 1PELLLG,/,
213Xy "FDIFIG " 95Xy IPELL44 45Xy 1PEYLLG,/,
213X *TOIFIG* y5X, 1PELLe%4eS5Xy1PELLLG,/,
213X,'DI1T '953Xy1PELL44y5XylPELLL4,y/,
213X *ADIT  '45Xs1PELLe4 45Xy 1PELLL4G,/,
213X *DFLOCOK " 45Xy 1PEL1Ll 445Xy 1PELL%y/,
213X, *T10UK " ¢5X+1PELLle449Xy1PELLC4)

KRITE(6,389) SG14SG2+5SG5,5G6

889 FORMAT(//+20Xy *ALTERNATE D[SPERSIUN VALUES FOR THRUST INBALANCE 0A
2TAY 3/ 414K, 'VAR ' ,86X,! SIGMA 1 'y5X,' SIGMA 2 ./,

13X "AFMAX "y 5X s LPELLl 435X 1PELLL4Gs/ 413X, "AFMAXT*ySXe1PELL. 4,
45Xy 1PEL1L.4)

» IF({I0OP.NE.O) CALL PLOT(0.0,0.0,599)

STaP

END
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TABLE IV-2 (CONT'D)

SUBROUTINE AREAS

W22 22 s I e R R I Y I I I E Y E I I RIS L]
cC = SUBROUTINE AREAS CALCULATES BURNING AREAS AND PORT AREAS FOR *
cC = CIRCULAR PERFNRATED (C.P.) GRAINS AND STAR GRAINS OR FOR A *
cC = COMBINATION OF C.P. AND STAR GRAIHNS ' *
C 123 2322332322222 223 LS RSS2SR SF RS2SR R 222222222 2 2]

INTEGER STAR,GRAIN,ORDER,COP
REAL MGEN,MDIS MNOZ M1y JROCKyNyLyMELyME, ISP, 1TOT MU,MASS,1SPVAC
REAL LGCIoLGNT ¢NSyNNgNPyLGSToNTyLTPyLGCoLSyLF
REAL M2,MDBAR,ISP2, ITVAC,L14L2,LFW,LFWSQD
COMMON/CONSTL/ ZW,AE AT, THETA, ALFAN
COMMON/CONST3/SyHNS s GRATN
COMMON/CONST4/BELDIL 4D0,DT,ZC,XT,70
COMMON/VARIAL/T4OELY,DELTAT,PONOZ,PHEAD,RNOZ,RHEAD, SUMAB, PHMAX
COMMON/VARIA2/ABPORT  ABSLOT ¢ ABNOZ yAPHEAD , APNOZ, DADY , ABP2, ABN2,ABS2
COMMON/VARIA3/ITOT, ITVAC ,JROCK, ISP, ISPVAC,MDIS,MNOZ,SGy SUMMT
COMMON/VAR [ A4 /RNTRHT, SUM2 yR1,R2 yR3, RHAVE s RNAVE y RBAR, YB, KOUNT
'COMMON/VARIAS/ABMAT Ny ABTUy SUMDY,VCI,VC
COMMON/VARIA6/YDI 4 TE
COMMON/VARIAT/Y, THRUST
COMMGON/OVALA/CHIHCHINy SENgSEH,CHINH AZ 482
COMMON/DATA2/ [DATA
DATA PI/3.14159/
21111 FORMAT(EL16.9)

ABPC=0.0
ABNC=0.0
ABSC=0.0
ABPS=0.0
ABHNS=0.0
ABSS=0.0
DABT=0.0
$G=0.0
VCIT=0.0
ANUM=PI /4.
PID2=P1/2.
RNT=RNT+RNOZ&DELTAT
RHT=RHT +RHEAD®DELTAT
IF(Y.LE.0.0) AGS=0.0
K=0
IF(ABS(ZW).GT.0.0) K=1
YB=Y
IF(K.EQ.1) Y=YB-SUMDY/2.

2 IF(K.EQ.2) Y=YB+ABS(ZW)/2.-SUMDY/2.
IF(IDATA-1) 5000,5000,5001

5000 IF{Y.LE.0.O0) READ(5,500) INPUT,GRAIN,STAR,NT,0RDER,COP
IF(Y.LE.0.0) WRITE(2,500) INPUT,GRAIN,STAR,NT,0RDER,COP
GO TO 5002
5001 IF(Y.LE.0.0) READ(2,500) INPUT,GRAI!,STAR,NT,0RDER,COP
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5002 CONTINUE
P 2 Ty Py P P P Y Y PR Y TS TP LT T
READ THE TYPE OF INPUT FDR THE PROGRAM AND THE BASIC GRAIN

CONFIGURATIOHN AND ARRANGEMENT
VALUES FOR INPUT ARE
1 FOR ONLY TABULAR [INPUT
2 FOR ONLY EQUATION T4HPUTS (EQUATIONS ARE BUILT
INTO THE SUBROUTINE)
3 FOR A COMBINATION OF 1 AND 2
VALUES FOR GRAIN ARE
1 FOR STRAIGHT C.P. GRAIN
2 FOR STRAIGHT STAR GRAIN
3 FOR COMBINATION OF C.Pe. AND STAR GRAINS
VALUES FOR STAR ARE (WAGODN WhEEL IS CONSIDERED A TYPE QF
STAR GRAIN IN THIS PROGRAM)
0 FOR STRAIGHT C.P. GRAIN
1 FOR STANDARD STAR
2 FOR TRUNCATED STAR
3 FOR wWAGON WHEEL
" VALUES FOR NT ARE .
0 1F THERE ARE NO TERMINATION PORTS
X WHERE X IS THE NUMBER (OF TERMINATION PORTS
VALUES OF ORLCER ESTABLISH HUd A COMBINATION C.Pe AND STAR
GRAIN IS ARRAHGED
1 IF DESIGY IS STAR AT HEAD END AND C.P. AT NDZIZILE
2 IF DESIGN IS C.P. AT HEAD END AND C.P. AT NOZZLE
3 IF DESIGN IS CePe AT HEAD END AND STAR AT NOZZLE
4 IF DESIGY IS STAR AT HEAD END A4D STAR AT NOZLZILE
ExXNOTExx IF GRAIYN=1, VALUE OF ORDER MUST BE 2
*aENOTEX% % IF GRAIN=2, VALUE OF 0ORDER MUST BE 4

sNaNaNalaNoaNaNolnNaRalaloloeNelslaNalaloNeNaloNaReRaNe NNy
3k 3k 3 b 46 4% 4F b 3F b b b B 9 3 3 & B % 3 4t b 3
# 3 % 3 S B 4 b S 3 B B R 3 3 3 % W W 4 3

CONTINUE
VALUES FOR COP ARE (APPLICABLE TO C.P. GRAINS ONLY) *
O IF BOTH ENDS ARE CONICAL OR FLAT ' *
1 IF HEAD END IS CONICAL OR FLAT AND AFT END 1s *
HEMISPHERICAL %
2 IF BOTH ENDS ARE HEMISPHERICAL *
3 IF HEAD END IS HEMISPHERICAL AND AFT END IS *
* - CONICAL OR FLAT *
P S I T L I L I I L LTI Y
500 FORMAT(IX 12, 9Xy12,8Ky1216XK9F40a0y9Xy1297X12)
[FIY.LE.0.0) WRITE(6,607)
607 FORMAT(//,20X,'GRAIN CONFIGURATION®)
[F(YeLE<0.0) WRITE(6,600) INPUT,GRAIN,STAR,NT,0RDER,COP
600 FORMAT(L13X, "INPUT= ', 12,/,13X,'GRAIN= ',12,/,13X,*STAR= *,12,/,13X
Loy'NT= % ,F4.04/,13X,'ORDER= *,12,/,13X,*COP= 4,124//) :
IF(INPUT.EQ.2) GO TO 12
IF(Y.LE.D.0) GU TO 5
IF(YT.LE.Y.AND.K.LT.2) GO TD 8

3 3t 8 3
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9 DENOM=YT-YT2
SLOPEL=(ABPK-ABPK2)/DENOM
SLOPE2={ ABSK-ABRSK2) /DEi{OM
SLAOPE3=( ABNK-ABNKZ2) /DENOM
SLOPE4=(APHK-APHKZ2)/DENOM
SLOPES={APNK-APNK2) /DENOM
B1=ABPK-SLOPEL#*YT
B2=ABSK-SLOPE2%YT
B3=ABNK-SLOPEI*YT
B4=APHK-SLOPE4*YT
BS=APNK-SLOPES*YT
ABPT=SLOPE1#*Y+81
ABST=SLOPEZ2*Y+R2
ABNT=SLOPE3*Y+83
APHT=SLOPE4*Y+84
APNT=SLOPES*Y+BS
IF{INPUT.EQ.3) GO TO 3
GO 10 52

: 6 IF(IDATA-1)
5003 READ{5,507)

TABLE IV-2 (CONT'D)

5003,5003,5004

YT,

ARPK  ABSKyABNK s APHK  APNK,VCIT

WRITE(2,507) YT, ABPK,ABSK,ABNK,APHK,APNK,VCIT
GO TO 5005

5004 READ{2,507)

5005 CONTINUE
#*#t#######*######t##########t**#########t###t#t##*#t*##tt#ttttt#*##t

TABULAR VALUES FOR Y=0.0 (NOT REQUIRED IF INPUT=2)

READ

ABPK
ABSK
ABNK
APHK
APNK
vCiIr

% % 4 % St % 0

1 B8X,sFl1l.2)

IN

IS
IS
IS
IS
IS
IS

YT+ABPK,ABSKyABNK,APHK, APNK,VCIT

THE
THE
THE
THE
THE
THE

TABULAR
BEUBRSEBLRIXBELORBIAFERDLBARDEXEXESDRFALRX XS XS LR LD RBS I IR ELESENRI R RS

507 FORMATI6X1F6.2910XsF1l1e2910X9F11e24BXeF11e29/922X9F11a299%XsF11.2,

WRITE(64610)
610 FORMAT(13X.*TABULAR VALUES FOR YT EQUAL ZERDO READ IN*)
WRITE(64583) ABPK,ABSK,ABNK,APHK,APNK
S83 FORMAT(13Xe'ABPK=*, IPEL1Le4sSXy ' ABSK=,IPELL.4¢5X, *ABNK=?,1PELL. 4,
1 SXs'APHK='y 1PEL1a495X s "APNK=*41PELLl.4)
WRITE(64584) VCIT
584 FORMATIL3X,*'VCIT='y1PElLle4y//)

ABPT=AB
ABST=AB

PK
SK

ABNT=ABNK
APHT=APHK

*
%
BURNING AREA IN THE PORT IN [N**2 *
BURNING AREA IN THE SLOTS IN [4%%2 *
RURNING "AREA IN THE NOZZLE END IN IN%*%2 *
PORT AREA AT THE HEAD END IN [N#%x2 *
PORT AREA AT THE NOZILE END IN IN%x2 *
INITIAL VOLUME OF CHAMBER GASES ASSOCIATED HIIH *
INPUT IN IN%%3 *

*
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5006

5007
5008

TABLE IV-2 (CONT'D)

APNT=APHNK

Yr2=y71

IFCINPUT.EQ.3) GO TO 3

VCI=VCIT

GO TO 52

YT2=YT

ABPKZ2=ABPK

ABNKZ2=ABNK

ABSK2=ABSK

APHKZ2=APHK

APNKZ2=APNK

TFUIDATA-1) 5006,5006,5007

READ(5,50C5) YT,APPK,ARSK AB/IK sAPHK, APNK
WRITE(24205) YT,ABPK,ABSK,ABNK¢APHK y APNK
GO T3 5008

READI(2,505) YT ,ABPK,ABSK,ABNK,APHK, APNK
CONTINUE

S T P e T T e Y Y S R I I I I T IIITIEIIT,

*

READ IN TABULAR VALUES FOR Y=Y (NOT REQUIRED FOR INPUT=Z2) *

T T L e T Y P R L I ST

505

611

12

4
5009

5010
5011

FORMAT(6X 3 F6e2510X9FLl1e2910X9F1l1a298XeF1lle29/922XyFllea299XeFl1.2)
WRITE(6,611) YT

FORMAT(///74+13X,* TABULAR VALUES FOR YT= *,F7.3,' READ IN')
WRITE(6,583) ABPK,ABSK,ABNK,APHK,APNK :

GO TO 9

ABPT=0.0

ABNT=0.0

ABST=0.0

IF(GRAINJNEL2) GO TO 4

ABPC=0.0

ABNC=0.0

ABSC=0.0

GO TO 7 S

IF{IDATA-1) 5009,5009,5010

IF(Y.LE.O0.0) READI(5,501) XTZ0,S

IF(YLLEL.0.0) WRITE(24501) XTZ20.S

GO 10 5011

IFIY.LE.O0.O0) READ(2,501) XTZID,S

CONT LAUE ‘ | |
IF(Y.LE.(C.O) READ(4,21111) DOsDI,THETAGyLGCIoLGNI,THETCN, THETCH

2322 22 S S LR 2R st i E RS R

3 3 4 3 %

READ I[N BASIC GEOMETRY FOR C.P. GRAIN (NOT REQUIRED FOR
STRAIGHT STAR GRAIN) ‘

XTZO IS THE DIFFERENCE BETWEEN THE INITIAL. INTERNAL GRAIN
DIAMETER AT THE NOZZLE EWND OF LGCI AND DI IN INCHES
LESS TWICE XT AND LESS 0

S IS THE NUMBER fIF FLAT BURNING SLOT SIDES (NOT INCLUDING
THE NOZZLE END)

#+ 3 3 3 4 3 #
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TABLE IV-2 (CONT'D)

T T R L g g B B B T Lt L A T T T

*

THE FOLLOWING VARIABLES ARE OBTAINED FROM THE STATISTICAL *

ANALYSIS PROGRAM

*

t############################*#t#####t#t###t#######t##ttt####*##t#tt*

L BE B BB B BECBE A B I

DO IS THE AVERAGE OUTSIDE INITIAL GRAIN DIAMETER N INCHES
DI 1S THE AVERAGE INITIAL INTERNAL GRAIN OIAMETER IN INCHES
THETAG IS THE ANGLE THE 'OZZLE END OF THE GRAIN MAKES WITH

THE MOTOR AXIS IN DEGREES

LGCI IS THE INITIAL TOTAL LENGTH QF THE CIRCULAR PERFORATION

IN INCHES

LGNI IS THE INITIAL SLANT LENGTH OF THE BURNING CONICAL

GRAIN AT THE NOZZLE END IN
THETCN IS THE CONTRACTION ANGLE
THETCH IS THE CONTRACTION ANGLE

x

*
*
¥
%
¥
*x
*
x

[NCHES
OF THE BONDED GRAIN IN DEGREES*
AT THE HEAD END IN DEGREES *

#########*#*#*#**###*#*##*#***############*##*#########*#####3##**##*

501

601

702

IF{Y.LE.O.0) WRITE(6,601) DO,DI,XT20, S,THETAG.LGCI'LGNloTHETCN TH

FORMAT(OX+F10.343X,F10.0)
1ETCH
FORMAT(20Xy*CePe GRAIN GEOMETRY',/,

1e39/413X4'XT20= *4FT7e34/913X,S=

13X, 'D0= 9 FTe34/¢13X,*D1= 9,F7

8 3F4e043/9 13X *THETAG= *yFB.54/413

2Xe'LGCI= "9FTe23/ 9 13Xs'LGNI= ' yF6a29/913Xy'THETCN= "9FB8454/+13X,

3'THETCH= ',FB.5,//)

IFIYelLE«O.O) DELDI=2.0%XT+Z0+XT20
IFIY.LE.QOJO)THETAG=THETAG/57,29578
IF(Y.LE«UO)THETCN=THETCN/S5T,.29578
IF(YeLE«QO)THETCH=THRETCH/5T7.29578
00SQD=00%00

DISQD=DI*DI

BNUM=ANUM%D0SQD

TLL=TE

IF(DORDER.GE.3) TLL=0.0

YDI=2.,%Y+0DI ’

YDISQD=YDI*YDI
ABSC=S*ANUM¥(DOSQD-YDISQD)
IF{ABSC.LE.C.0) ABSC=0.0
IF(YDI.GE.DT)GC 1O 100
IF(THETAG.GT.0.08727) GO TO 101
IF(COP.EQ.O0) GO TO 700
IF{COP.EG.1) GO TO 701
IFICOP.EQ.2) GO TO 702
CHCK1=D0OSQD-YDISQD

IF(CHCKL .LT.0.0) CHCK1=0.0

LGC=LGCI-{SQRTI(DOSQD- DlSQD)-SQRTlCHCKl))/2.—Y*COTAV(THETCN)

GO TO 710
CHCK1=D0SQD-YDISQD
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JF(CHCK1.LT.0.0) CHCK1=0,0
LGC=LGCI-(SQRT(DOSOD-DISGN) - SQRT(CHCKL))
GO T0O 710
701 CHCK2=DOSQRD-(YDI+DELDI ) %%2
IFICHCKZ2.LT.0.0) CHCK2=0.0
LGC=LGCI-(SORTI(DOSOD-(DI+DELDI)%%2)-SQRT(CHCK2))/2.
2=-Y¥COTAN(THETCH)
GO0 TUO 710
700 LGC=LGCI-Y*{COTAN(THETCN)+COTAN(THETCH))
710 ABPC=PI*YDI*(LGC-TLL-S%*Y)
ABNC=0.0
60 TG 732
101 CONTINUE
IF(COP.EQ.0.0R.COP.EQeal) GO TO 720
CHCKL1=DOSQD-YDISQD
IF(CHCK1.LT.0.0) CHCK]1=0.0
LGC=LGCI-(SORTIDOUSON-DISQD)-SQRT{CHCK]1))/2.-TLL
2-(S+TANITHETAG/2.) ) *Y
ABPC=PI*YDI*LGC
GO TO 736
T20 LGC=LoCI-Y*COTAN(THETCH)-TLL-(S+TAN{THETAG/2.) }*Y
ABPC=PIXYDI*LGC
730 IF(COP.EN.1.0R.COP.EQe2) GO TO 731
ABNC=PI *#(LGNI-Y*COTAV(THETAG*+THETCN)-Y*TAN(THETAG/2.))*(DI1+
1 DELDI+Y+LGNIRSINITHETAG)+Y*SIN(THETCN)/SIN(THETAG+THETCN))
GO 10 732
731 IF(Y.LE.O0.0) GO TO 7311
GO0 TO 7312
7311 RT={(CI+DELUI)/24LGNIRSTIN(THETAG) ) *COS(THETAG)-SIN(THETAG) %
1 SARTIINDO/2.)%%2-((OI+0ELDI /72 +LGNI*SINITHETAG) }%%2)
7312 IF(RT+Y.LT.(D0D/2.)%COSITHETAS)) GO TO 11111
ABNC=PI*(LGNI+{1./STNITHETAG) ) *{(C0/2,)-LGNI*SIN(THETAG)-(DI
2- DELDI)/Z.)—Y*COTAQ(THETAG)—Y*COTAN(THETAG/?.))*((Dl -DELDI)/2.
34Y+00/2.)
GO TO 22222
11111 RPR=SQRT{((D0/2.)%%2)-RT%«2)-SQRTI((D0/2.)%%2)-{RT+Y)%%2)
ABHNC=PI%#{LGNI-RPR~Y*TANITHETAG/2.))*{(DI+DELDI)}/2.+SQRT{(DO/
1 2.)**2—(R7+Y)#*2)*SlN(tHEIAu)+Y0(R7+Yl*CnS(THEtAG))
22222 CONTINUE
732 IF(ABPC.LEL0.0) ABPC=0.0
IFIABNC.LE.O0.0) ABNC=0.0
GO T0 5
100 ABNC=0.0
ABPC=0.,0
5 APHT=ANUMK (DI 42, %RHT ) *%2
ITF{APHT GCJBNUM) APHT=BNUM
JIFIKeLTL2) APHTLI=APHT
APNT=AUMR(DI+DELDT #2 o ¥RNT ) %®%2
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TFUAPNT.GE.BNUM) APNT=BNUM
IFIGRAIN.NE.1) GO TO 7
ABPS=0.0
ABSS=0.0
ABNS=0.0
GO 10 50

7 IF(IDATA-1) 5012,5012,5013

5012 IF(Y,LE.Q.O0) READ(5,502) NS,NP,NN

IFIY.LEL.O.0) WRITE(2,502) NSsNP,NN
GO TO 5014

5013 IF(Y.LE.0.O0) READ(2,502) NS, NP.NN
5014 CONTINUE

IF(Y.LE.O0.0) READ(4,21111) LGSILRC,FILL
T 1 T T T T T P G

LGSI IS THE INITIAL TOTAL LENGTH OF THE STAR SHAPED *
PERFORATED GRAIN IN INCHES ) ¥

RC IS THE AVERAGE STAR GRAIN OUTSIDE RADIUS IN INCHES *
*

*

* READ IN BASIC GEOMETRY FOR STAR GRAIN (NOT REQUIRED FOR %
* STRAIGHY C.P. GRAIN) *
* NS IS THE NUMBER OF FLAT BURNING SLOT SIDES (NOT INCLUDING %x
* THE NOZZLE END) *
¥* NP IS THE NUMBER OF STAR POINTS L
* NN IS THE NUMBER OF STAR NOZZLE END BURNING SURFACES *
* : *
T T g e S e ST T TR e I I
% THE FOLLOWING VARTABLES ARE OBTAINED FROM THE STATISTICAL *
* ANALYSIS PROGRAM *
#####t###*t*##*###*#*##*######*t#######**###*#*####*##t#*#t#*t*t#t**#
* *
*

&

&

®

FILL IS THE FILLET RADIUS [IN INCHES
D A U Y
502 FORMAT(4XyFl0.044XsFl0.0¢4XyF10.0)
IF(Y.LE.O.0O) WRITE(64602) NSoLGSI NPyRC,FILL,NN
602 FORMAT(20X,*BASIC STAR GEOMETRY' /413Xy *NS= *4F4.04/413X,'LGSI= ¢,
1F7.20/'13X,'NP- 1 9F4.0, /913X 'RC= " 4FTa343/ 413X 'FILL= '4F7.3¢/4+13X
29 YHN= ’F4 [0s77) S
IF(Y.LE. 0 0 ANDJ.GRAIN.EQ.2) DO=2.0%*RC
PIDNP= PI/NP
RCSQD=RC*R(C
FY=FILL+Y
FYSQD=FY*FY
IF{STAR.EQ.L) GO TO 20
IFISTAR.EQ.2) GO T0O 201
IF(Y.GT.0.0) GO TO 179
READ{4,21111) RIWW,LL,L2yALPHAL,ALPHA2 yHW
222223327 S P23 232222222222 S22 RS2 222232 02222222 222222 P22 L 2
%* READ IN GEOMETRY FOR WAGON WHEEL {(NOT REQUIRED FOR STANDARD ¥
L OR TRUNCATED STAR GRAINS) *
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& x
######t#*#########*######*#38###0#############**‘###‘###“‘##‘*######
¥ THE FOLLCOWING VAQIABLES ARE (QBTAINED FROM THE STATISTICAL ¥
% ANALYSIS PROGRAM ' %
AR FAFFERE B L LEXLARAXEIXEAEEEEIABEERBXEXEOXSXALENSESRBEFEEFEEREEREXXE A
% _ *
% RIWW IS THE AVERAGE RADIUS OF THE INSIDE OF THE PROPELLANT x
= WEB IN INCHES &
¥ L1 AND L2 ARE THE LENGTHS OF THE TWO PARALLEL SIDES OF THE *
* TWO SETS OF STAR POINTS IN INCHES *
Cox ALPHAL1 AND ALPHA2 ARE THE ANGLES BETWEEN THE SLANT SIDES OF *
& THE STAR POINTS CORRESPUADING TO LY AND L2y RESPECTIVELY,*
& AND THE CENTER LINES OF THE POINTS IN DEGREES *
& HW IS HALF THE WIDTH OF THE STAR POINTS IN INCHES *
RSB BERE L AR LR A AR AR IAAXE SR X EIE BB AL R EAR S SRS LS AEYSE AR S R AR AN DGR gk
HWRITE(65422) RIWH,LL L2y ALPHALZALPHAZ ) HW
422 FORMAT(20X, *WAGON WHEEL GEOMETRY?®* ,/,13X,'RIWKW= '.FS.Z.I.ISX.
L L1z ¢, F542e/7913%K3'L2= V3FS523/913Xs*ALPHAL= " 4FT.54/413X,
2 YALPHA?= ',F?.S'/,13X,'Hw= .'FSQZQI/‘
IFIY.LE.0.O) TAUKWW=RC-RIWW )
IF(Y.LEOC.O.AND. GRAINOEQOZ) DI=DO"2.0*TAUN”
ALPHAL=ALPHAL/57,29578
ALPHAZ2=ALPHA2/57.295178
ALP2=ALPHAZ2
XL2=L2
LFW=RC-TAUWW-FILL
LFWSQD=LF w¥LFA
THETFW=ARSIHUIHW+FILL)/LFW)
SLFW=LFA*STVITHETFA)
179 KKK=0
$G6=0.0 |
ENUM=(RCSQD-LFWSQD-FYSQDI/ (2. %LFWEFY)
ALPHAZ2=ALPZ2
L2=XL2
190 YTAN=Y*TAN(ALPHA2/2.)
COSALP=CUGS(ALPHA2)
SINALP=SIN(ALPHAZ2)
IFI(YTAN.GTL2) GO TO 182
IF(FY.GT.SLFW) GO TO 181
SGW=NP* (L2-2.#YTAN+(SLFW-FTLL)/SINALP- Y‘COTANIALPHA2)+FY#
1 (PID2+THETFW)4+ILFW+FY)*{PIDNP-THETFW))
GO T0 183
181 IF(Y.GT.TAUWW) GO TO 184
SGW=NP&{FY*(PIDNP+ARSINISLFW/FY)} )+ {PIDNP-THETFW)*LFNW)
G0 70 183
184 SGW=NP*FY*(THETFW+ARSIN(SLFW/FY)-ARCOS(ENUM))
GO TO 1813
182 YPO=-SLFHW
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TABLE IV-2 (CONT'D)

IF(ALPHA2 .GE.PID2) GO TO 222
Q==FILL+L2*TAN(ALPHAZ2)-Y/COSALP
XPI={-Q*TAN{ALPHAZ2)-SQRT (-~ Q*Q+FYSQD/COSALP*COSALP))*COSAlP‘COSALP
YPI=XPJ*TAN(ALPHAZ) +Q
XPO=(YPO-Q)*COTAN{ALPHAZ)
GO 10 223 :
222 XPl=Y-L2
YP1=—SQRT(FYSQD-XPI¢XPI)
XPO=xP1
223 FYLS=SQRT{SLFWASLFW+XPI#XPI)
XPIQ2=(XPI-XPO)%{XPI-XPO)
YP1Q2=lYPI-YPO)%®(YPI-YPOD)
IF(FY.GT.FYLS) GO TQ 186
IFIY.GE.TAUWW) GO TO 185
" SGU= NP#(SQRT(XPIOZ+YP[OZ)*FY*(PIDZOTHETFN ARSIN(XPI/FY!)*(LFN+FY)*
1 {PIDNP-THETFW))
GO 10 183
185 SGW=NPx{SQRTIXPIOZ2+YPIO2)+FY2{(PID2-ARSINIXPI/FY)- ARCOS(ENUM)))
GO TO 1483
186 IF{Y.GT.TAUWW) GO TO 187
' . SGW=NPZ(FY*(PIDNP+ARSINISLFW/FY))+(PIDNP-THETFW)*LFW)
GO TN 183
187 SOGW=NP*FY#({THETFW+ARSIN(SLFW/FY)-ARCOS(ENUM)}
183 IF{SGWelLEe0.0) SGW=0.0
‘ IF{Y.GT.0.0) GO TO 188
AGS2=.5%(PI%XRCSQD-NP*LFW*SLFW*(COS(THETFW)-SIN(THETFW)*COTAN(ALPHA
1 2)-2.%(L24+FILLATAN(ALPHA2/2.))/LFW)=(PI-THETFWANP) *LFWSQD—-2+%NP*F
2 ILULA(L2+SLFW/SINALP+LFW*(PIONP-~THETFW) +(PIDNP+PID2-1./SINALP)*
-1 FILL/2.))
' AGS=AGS+AGS2
188 CONTINUE
SG=SG+SGW
IFIKKK.EQel) GU TO 24
L2=L1
ALPHAZ2=ALPHAL
. KKK=1
GO TO 190
201 IF(Y.LE.O0<0) READ(4,21111) RP,LRIS
T T T R R Y R e Y I I It I TP P R S e S e

¥ "READ IN GEOMETRY FOR TRUNCATED STAR (NOT REQUIRED FOR *
B STANDARD STAR OR WAGON WHEEL) ¥
% %
e s TR T T TR I e Y S R L R 2 AT TR I T I T T  aa
* THE FULLOWING VARIABLES ARE (OBTAINED FROM THE STATISTICAL *
* ANALYSIS PROGRAM *
e e s e It e e s g
& ' *
f RP IS THE INITIAL RADIUS QF THE TRUNCATIGON IN INCHES *
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TABLE IV-2 (CONT'D)

% RIS 1S THE AVERAGE RADIUS OF THE INSIDE OF THE PROPELLANT *
% HEB IN INCHCS %
& . OF THE SLOTS IN INCHES *

#####################t##tt##########t#t##tt#tt###tt#####t#t###t#t#t*#
IF{Y.LE.0.0) WRITE(64603) RP,RIS

603 FORMAT(20X,*TRUNCATED STAR GEOMETRY'y/413X,y*RP= "4FT7.3,/, 13X"RIS-

L *wF7.3,//7)

[F(Y.LE.0.0) TAUS=RC-RIS
IF(Y.LE.0.0.AND.GRAIN.EQ.2) DI=D0-2.0*TAUS
THETAS=PIDNP

RPY=RP+Y

LS=RC~-TAUS-FILL-RP

RPL=RP+LS

YHETYSL=THETAS-ARSIN{FY/RPY)
IF(THETS1.LE.Q0.0) GO TO 110

IF(Y.LE.TAUS) GO 7O 103
THETAC=ARSIN((RCSQD-RPL*RPL=-FYSQD)/ (2.%#FY*RPL))
IF(THETAC.GE.Q.0) GO TO 104

IF(Y.LT.RC=RP) GO TO 105

$G=0.0

GO 10 14

103 SG=2.%*NP*(RPY*THETS1+4LS~(RPY*COS(THETAS~THETS1)-RP)+PID2%FY)

GO TO 14

104 SG=2. *GP*(RPY*UHETSI*LS (RPY*COS(THETAS-THETS1)~-RP)+FYXTHETAC)

GO TO 14

105 SG=2.*NP*(RPYXTHETS14SQRT{RCSQD-FYSQD)I-SQRT(RPY®RPY-FYSQD))

14 IF(Y.LE.Q0.0) AGS=PI*(RCSQD-RP#*RP)=NP*(PI*FILL*FILL/2.42.%LS*F]ILL)
GO 10 31

110 THETAF=THETAS

THETAP=2.*THETAS
TAUAS=TAUS
GO 70 111

20 IF(Y.LE.0.0) READ(4,21111) IHEIAF THETAP,RIWS
P R I e e e L L Lt

% " READ IN GEOMETRY FOR STANDARD STAR (NOT REQUIRED FOR : *
& TRUNCATED STAR OR WAGON WHEEL) *
= ' *
T T L F R T I T P P P P P E P L
* THE FULLOWING VARIABLES ARE OBTAINED FROM THE STATISTICAL *
¥ ANALYSIS PROGRAM *

###*#*####**#t##t###*#####‘##&t#####t##t####t#####‘#‘###‘.#*#t#*##***
*

+#*

#* THETAF IS THE ANGLE LOCATION OF THE FILLET CENTER IN DEGREES =
% THETAP IS THE ANGLE OF THE STAR POINT IN DEGREES X
% RIWS IS THE AVERAGE RADIUS OF THE [NSIDE OF THE PROPELLANT *
¥ WEB IN INRCHES %
###*###t**#*##*#####**#t#######**###t##t#t###t####tttt####t**#*#*#*#*

IF{Y.LE.0.0) WRITE(6,604) THETAF,THETAP,RIWS
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604 FORMAT(20X,*STANDARD STAR GEOMETRY' /413Xy *THETAF= *4F7.54/413X,°'T
IHETAP= % 3F7.5,/413Xy*'RIWS= *,F6.3,//) _ -
IF(Y.LE.0.0) TAUWS=RC-RIWS
IF(Y.LE.O.0.AND.GRAINSEQ.2) DI=D0-2.0*TAUWS
THETAF=THETAF/57.29578
THETAP=THETAP/57.29578
THETAS=PI /NP
THETS1=1.00
111 LF=RC-TAUWS-FILL
CNUM=(Y+FILL)/LF _
DNUM=SIN{THETAF)/SIN(THETAP/2.)
ENUM=(RCSQD-LF*LF-FYSQD) /(2 .%LF*FY)
FNUM=SIN(THETAF)/COS{THETAP/2.)
IF(CNUM.LE.FNUM) GO TO 106
"IF(Y.LE.TAUWS)GO TO 107
SG=2.*NP*FY*(THETAF+ARSIN(SIN(THETAF)/CNUM)-ARCOS (ENUM) )
GO TO 23
106 IF(Y.LE.TAUWS) $SG=2. *NP#LF#(DVUM+CNUM*IPIDZ+THETAS THETAP/2.
1-COTANITHETAP/2.) )+ THETAS~-THETAF)
IF(Y.LE.TAUWS) GO TO 23
SG=2.#NP#*(FY#ARSIN( ENUM=(THETAS-THETAP/2.) ) +LF*DNUM—FY+*COTAN({ THETA
1P/72.))
. GO TO 23
107 SG6=2. *VP#LF*(CNUM*(THETAS+ARSIN(SIN(THETAF)/CNUM))+THETAS THETAF) -
23 IF(THETS1.LE.0.0) GO TO 14
" IF(YeLE«0.0) AGS=PI#RC¥RC-NP*LF&LF*(SIN{THETAF)*{COSITHETAF)~
ISIN(THETAF)#COTAN(THETAP/2.) )+ THETAS-THETAF+2 . #FILL/LF*(SIN(THETAF
2)/SIHITHETAP/2. )+ THETAS=-THETAF+FILL/ (2. %LF) *(PID2+THETAS-THE
- 3TAP/2.-COTAN(THETAP/2.)))) ’
24 CONTINUE
31 IF{SG.LE.0.D0) SG=0.0
IF(K.EQ.0.OR.K.EQ.2) SGN=SG
IF(KJLEs1) SGH=SG
IF(Y.LE.0.0) S$SG2=SG
IF(K.EQ.2) GO TD 37
_RAVEDT=R1+(SG+SG2)/2.*RBAR*DELTAT
. RNDT=R2+(SG+5G2)/2.«RNAVE*DELTAT
RHDT-R3+(SG+SGZ)/2 #RHAVE*DELTAT
R1=RAVEDT
R2=RINDT
R3=RHDT
$G2=SG
GO TO 38
37 1F{KOUNT.NE.1) GD TO 39
$G3=SG
R4=R1
R5=R2
R6=R3
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39 RAVEDT=R4+(SG+SG3)/2.*RBARSDELTAT
RNDT=R54+(SG+5G3) /2. *RNAVE®DELTAT
RHDOT=R6+(SG+¢SG3) /2. *RHAVE*DELTATY
R4=RAVEDT
RS=RNDT
R6=RHDT
$63=S56

38 ABSS=(AGS-RAVEDT ) =*NS
IF(ABSS LE.0eQ.0OR.SG.LE.DLO) ABSS=0.0
ABNS=(AGS—-RNDT ) =NN
IFLABNSeLEeQeDe0ReSGeLELDLD) ABNS=0.0
IF(ORDERCLES2) ABPS=(LGSI-Y*{NS+NN))%SG
IF{ORCER.LE.2) GO TO 36
ABPS=(LGSI-TE- Y*(lS*NN))*Su

36 PIRCRC=PI*RCSQD
APHS=PIRCRC-AGS+RHDT
IF(APHS GELPIRCRC+ORS5eLELO0.0) APHS=PIRCRC
APNS=PIRCRC-AGS+RNDT
IF(K.LTo2) APHSL=APHS
IF(APNS.GE.PIRCRC) APNS= PIRCRC

50 IFINT.EQ.0.0) GO TO 371

IF(YJLE.O.0) READ(421111) LTP,DTP,THETTIP,TAUEFF
R AR E AR TR AR ERE XX AR A SR I TSR AR R G AR AR ARSI X AAR RIS SRS EE AR XX GRX XK

* READ [N GEOMETRY ASSOCIATED WITH TERMINATION PORTS (NOT *
* © - REQUIRED IF NT=0) x
% : *
R AR I E TR G EAEE IR AR XSO NI RN AR I AR I E R TS R ER AR RGP AP e G H AR RK K
* THE FOLLOWING VARIABLES ARE OBTAINED FROM THE STATISTICAL %
% ANALYSIS PROGRAM *
I YIS S 2223 X3 2 2R E 2 22222222223 R S22 22222222322 22 22 82 2]
% |
* LTP IS THE INITIAL LENGTH OF THE TERMINATION PASSAGES *
& IN INCHES *
¥ OTP IS THE INITYIAL DIAMETER OF THE TERMINATION PASSAGE *
* IN INCHES *
% THETTP IS THE ACUTE ANGLE BETWEEN THE AXIS OF THE PASSAGE *
& AND THE MOTOR AXIS IN DEGREES &
& TAUEFF IS THE ESTIMATED EFFECTIVE WEB THICKNESS AT THE *
* TERMINATION PORT IN INCHES *
EREXAEEERAE XXX S EEXREAESEOXRVEE SRR RSO CBEB AR EXXEEAERRGSSB SRS RS S LK

JIFUY.LE.0.0) WRITE(64606) LYP,DYPoTHETTP,TAUEFF

606 FORMAT(20Xs *TERMINATION PORT GEQMETRY ./, 13X, *'LTP= *4F6.2¢/413X,°'0D

LTP= *3F5.29 /913X, THETTP= " oFTe5,/ 913X TAUEFF= *,F6.3,//)
THETTP=THETTP/57.29578
DABT=NT%3.14159%((DTP+2.3Y}*(LTP- Y/SIN(THETTP))‘(DTPQZ Y )%%2/4 .+
LIY4DTIP/2,)%(DTP/2e)%(1e=1/SINITHETTP)))
IF(Y.GE.TAUFFF) DABT=0.0
371 1F(Y.6T.0.0) 50 TO 52
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IFINT.NE.0.0) GO TO 45
LTP=0.0
DTP=0.0
45 IFIGRAIN.NE.2) GO TO 49
LGC1=0.0
LGNI=0.0
DISQD=0.0
DOSQD=4.*RCSQD
49 IF(GRAIN.EQ.l) LGSI=0.0
VCI=1.1%(ANUMSCISQD*(LGCI+LGNT )+ (ANUM*DOSQD-AGS ) *LGST +NTLTP*ANUM*
1 DTP*DTP)+VCIT |
52 BBP=0.0
885=0.0
BBN=0.0
IF(K.NE.O) GO TO 521
IF{KKL.EGa0oAND.KKM.EQ.O) GO TO 521
IF(KKL.EQ.O) ABPC=ABPC*{BZ+AZ*CHIN)
IF(KKM.EQ.0) ABPC=ABPC*({AZ*CHIH+BZ)
IF(KKL.EGe0.AND.GRAIN.EQ.2) ABPS=ABPS*(BZ+AZ*CHIN)
IF(KKM.EQ.0.AND.GRAIN.EQ.2) ABPS=ABPS*(AZ¥CHIH+BZ)
521 ABPORT=AHPT+ABPC+ABPS+DART+DBBP ,
ABSLOT=ABST+ABSC+ABSS+BBS
ABNOZ=ABNT +ABNC+ABNS+BBN
IFIK.GE.2) GO TO 55555
'SUMAR=ABPORT+ABSLOT+ABNGZ
55555 CONTINUE
IF(K.EQ.0) GO TO 99
IF(ZW) 322,323,323
322 IF(K.EQel) ABPORT=ABPORT*CHIN
IF(KeEQoeZ e ANDoGRAINJNEL2) ABPORT=ABPORT+SEH%LGC
IF(K.EQ.2.AND.GRAIN.EQ.2) ABPORT=ABPORT+SEH*(LGSI-Y*({NS+NN) )
GO TO 33333
323 IF(K.EQ.l) ABPORT=ABPORT#CHIH
[F(K.EQ.2.AND.GRAIN.NE.2) ABPORT=ABPORT +SEN#LGC
IF(K.EQ.2.AND.GRAIN.EQ.2) ABPORT=ABPORT+SEN®(LGSI-Y*(NS+NNJ)
33333 IF(K.EQ.1) ABMAIN=ABPORT+ABSLOT+ABNOZ
K=K+1
IF(K.GT.2) GO TO 69
GO TO 2
69 ABTO=ABPORT+ABSLOT+ABNOZ
99 CONTINUE
IF{Y.GT.0.0) GO TO 70
ABP1=ABPORT
ABN1=ABNOZ
ABS1=ABSLOT
70 ABP2=(ABPL+ABPURT)/2.
ABN2=(ABN1+ABNOZ) /2.
ABS2=(ABS1+ABSLUT)/2.
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TABLE IV-2 (CONT'D)

IF{INPUT.EQ.1) GO TO 76

GO TO (71472473474) ,0RDER
APHEAD=APHSI]
APNOZ=APNT
SG=SGH

GO 10 75
APHEAD=APHT1
APNOZ=APNT
$6=0.0
IF(GRAIN.EQ.3) SG=(SGH+SGN)/2.
GO TO 75
APHCAD=APHTI1
APNOZ=APNS
SG=SGN

GO TO 75
APHEAD=APHS1
APNOZ=APNS
SG=SGN

GO TO 75
APHEAD=APHT
APNOZ=APNT

Y=YR
DIFF=SUMAB-SUM2
DADY=DIFF/DELY
ABP1=ABPORT
ABN1=ABNUZ
ABS1=ABSLOT
IF({ZW.GC.0.0) GO TO 77
ABM1=ABMAIN
ABMAIN=ABTO
ABTO=ABMIL
RETURN

END
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-SUBRQUTINE OQUTPUT
EEEEEERERXXXERERRKXEXXILEEERERERAXABITERXIRRRAALXEXEXXAEREAENRESH SRR %

& SUBROUTINE OQUTPUT CALCULATES BASIC PERFORMANCE PARAMETERS %
* AND PRINTS THEM OUT . *
* (WEIGHT CALCULATIONS ARE PERFORMED IN THE MAIN PROGRAH) : %
¥ T IS THE TIME IW SECS *
¥ Y IS THE DISTANCE BURNED Ii INCHES : - ¥
4 SUMAB IS THE TOTAL BURNING AREA OF PROPELLANT IN [N%=%2 &
* (IF ANY) *
* F IS THE THRUST IN LBS x
* %

3322323232233 2222222222232 233332222223 23 2 3322232232322 23223 3]
REAL MDISyME.ITOT4M2,MDBAR, ITPLOT,ITPLTL,IDIFF,IADIFF .
COMMON/CONSTL/ZW, AELAT 4, THETA, ALFAN
COMMON/CONST2/CAPGAM,ME,BOT ZETAF,TB,HA, GAM
COMMON/CONSTS/KPLT
COMMON/VARIAL/T,DELY,DELTAT,PONOZ,PHEAD,yRNOZ,RHEAD, SUMAB, PHMAX
COMMON/VARIA3/ZITOT,ITVAC,JROCK,ISP,ISPVAC,MDIS, MNUZ.SG SUMMT
‘COMMON/VARIAS/ABMAIN,ABTO,SUMDY,VCI,VC
COMMON/VARIAT/Y,F
COMMON/PAIRL/Twl ,TW2,DTW, FWI.sz DFW1,DFN2,DFW,TMAXQ,DFMQ,

2FDIFF,TDIFF,NX

COMMON/PLOTT/IPO,NDUM,NP,10P

COMMON/PLOT2/NUMPLT

COMMON/QUTL/FDIFIG,TDIFIG,DIT,ADIT

COMMON/QUT2/DF 100K, T100K

COMMON/DATA2/ ICOUNT

DIMENSION TOFPLT(400),TOTPLT(400),TOFPLL1(400),TOTPLL1(400)

DIMENSION FPLOT(400),FPLOTL(400),1TPLOT(400),ITPLT1(400),
2TPLOT(400) o TPLUTL(400) _

DIMENSION FDIFF(400),IDIFF(400),TDIFF(400),1ADIFF(400)

DIMENSIDiN NUMPLT(S) '

DATA G/32.1725/

IF(NDUM.EQ.1) GO TO 2

NP=NP+1

YSFT=0.0

YB=Y

MDBAR=(M2+MDIS)/2.

SUMMT=SUMMT +MDBAR*DELTAT
PRES=(1.+B0OT/2.MEXME )&% (-GAM/BOT)
 ALT=HB*(T/TR)*%{T7./3,)

PATM=14,696/EXP(0.43103E-04%ALT)

IF(MDISeLE.0.0.0R.PONOZ.LE.0.0) GO TO &5

CF=CAPGAM%®SQRT(2.%GAM/BUT*(1.~-PRES**(BOT/GAM)))+AE/AT*(PRES-PATM/P
10N02)

F=ZETAF&COS (THETA) #PONNZ#AT*( (1. +COS{ALFAN))/2.%CF+(1.-COS(ALFAN))
1/72.%AE/AT#(PRES-PATM/PONUZ))
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IF(F.LE.0.0) F=0.0
IF(Y.LE.0.0) F2=F
FBAR=(F+F2)/2.
ITOT=ITOT+FBARXDELTAT
M2=MDIS '
F2=F
IF(PHEAD.GT.PHMAX) PHMAX=PHEAD
GO 10 47
45 F=0.0
47 WRITE(6,1) T,YB,PONOZ,PHEAD,SUMAB,F,1TOT
I FORMAT(//413Xe'TIME= %,F7.3,12X,'Y= *,F6.3¢/,13X,

2'PONUZ= *,1PEll.4e* PHEAD= *,1PEll.4y" SUMAB= '+1PELLl.4,

3* F= ', 1PEll.4,° ITQT= *,1PELll.4%)
IF(IPD.EG.0) RETURN
TPLOT(NP) =T
FPLOTINP)=F
ITPLOT(NP)=ITOT
IF(TPLOT(NP).LT.100.) GO TO 50
NTO=NTO+1
TOTPLTINTO)=T
TOFPLTINTOQ)=F
50 RETURN
2 NP=NP+2
NTO=NTD+2
10P=1
IF(KPLT-1) 4000,4000,4001
4000 NP2=NP-2
© NTOQ2=NT0-2
WRITE(1,4002) NP2
4002 FORMATI(I[4) :
WRITE(1,4003) (FPLOT(I)oITPLOTUI) TPLOT(L),1=14NP2)
4003 FORMAT(EL2.5)
WRITE(1,4002) NTO2
WRITE(1,4003) (TOFPLT(I)4TOTPLT(I),I=1,NT0O2)
GO TO 1004 .
4001 REWIND 1
IF{IPO.NE<3) WRITE(6,9998)
9998 FORMAT(//,20X,*TABULATED IMBALANCE DATA',/, ,
213X, TIME ' 510X, FDIFF '3 10X,? IDIFF '
210X, * IADIFF v)
© READ(1,4002) HNP21
READ(L,4003) (FPLOTL(I)ITPLYLUI),TPLOTL(L),I=1,NP21)
READ(1,4002) NTO1
READ(1,4003) (TOFPLL(I)sTOTPLLI(E)oI=1,NTYO1)
NPL=NP21+2
» IFLIPD.EC.2) GO TD 8888
» IF{ICOUNT.EQ.2) YSFT=1.5
= TFINUMPLTI(1).NE.O) GU TO 7001
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CALL PLOTITI(FPLOTL,TPLOT1, VPI.FPLDT'TPLOT.VP.'fHRUST (LBS)',IZ:
2*'TIME (SECS)'y-11+0.04400000.0+0.041Q.049 O’YSFT) S
7001 XSFT=18.0 )
TF(NUMPLT(1).NE.O) XSFT=9.0
NT1=NTOLl+2
IFINUMPLT(2).NE.O) GO TO 7002
IF(NUMPLT(1).EQ.0) YSFT=0.0
CALL PLOTIT(TOFPLL,TOTPLL,4TL,TOFPLT,TOTPLT,NTO, ' THRUST (LBS)?*s12,
2°TIME (SECS)'y-1190.09400000.0¢100.092.0¢XSFT,YSFT) .
7002 XSFT=18.0 S
IF(NUMPLT(1).NE.O0.AND. NUNPLT(Z).NE 0) XSFT=9. 0
> 8888 CONTINUE
IFINPL-NP)} 2000,2000,2001
2000 NX=NP-2
NY=nNPL1-2
CALL INTERP(TPLOT FPLOT NXsTPLOTLFPLOTL,NY,FDIFF,0])
CALL INTERP(TPLOT,ITPLOT,NX,TPLOTL, ITPLTI:NY.IDIFF 1)
TDIFIG=TPLOT(1)
FOIFIG=ABS(FDIFF(1))
DO 3000 J=2,NX
IF(TPLOT(J).GT..02%TB) GO TO 3001
- IF(ABS{FDIFF(J)).LT.ABS(FDIFF(J-1))) GO TO 3000
FDIFIG=ABS(FDIFF(J))
TOIFIG=TPLOT(J)
3000 CONTIRNUE
3001 CONTINUE
DO 2004 I=1,NX
2004 TDIFF(1)=TPLOTI(I)
- GUML=0.0
TADIFF(1)=ABS(FDIFF{11)/2.)*TPLOTI(1)
DO 2003 [=2,NX
FBARI=(FDIFF(LI+FDIFF(I-1))72.
DUML=ABS (FBARI)*(TPLOT{II-TPLOT(I-1))
2003 IADIFF(I)=TADIFF(I-1)+DUM] .
IFUIPOJNE<3) WRITEL6,9999) (TPLOT(I1),FOIFF(I),IDIFF(1),1ADIFF(I),
21=1,0NX) '
9999 FORMAT(13Xy1PE1l.4,10X,1PEL1.4,10X,1PE1Ll.4,10X,1PEL1.4)
TI=AMINL(TW1,Tk2) , )
CALL INTRPL(IDIFF,TPLOT ¢NX,T1,0IT1,0)
DIT=IDIFFINX)-DIT1
CALL INTRPI(IADIFF,TPLOT,NX,TI,ADIT1,0)
ADIT=TADIFF(NX)~-ADITI }
CALL INTRPLUFDIFF,TPLOT ,NX,TMAXQ,DFMQ,0)
CALL INTRPL(FDIFF,TPLOT,NXyTHW1,0FWl,0)
CALL INTRPL(FDIFF,TPLOT,NX,TW2,DFW2,0)
CALL INTRPL(TPLOT,FPLOT,NX,100000.,T100K2,1) ,
CALL INTRPL(TPLOTL,FPLOTL,NY,10C000.,TL100K1,1)"
T100K=AMAX1(T100K1, T100K2)

Yvvyvvyvrvy

Y
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CALL INTRPL(FDIFF,TPLOT,NX,T100K,DF100K,0)
IF(IPO.EQ.2) GO TO 8887
CALL SCALE(IADIFF,8.0,N%X,1)
YSCALL=-A4BS(8.0%IADIFF(NX+2))
YSCAL2=ABS(2.0%IADIFF (NX+2))
NX=NX+2
TF(NUMPLT(3).NE.O) GO TO 7003
IF(NUMPLTI(1)4EQe0.0RNUMPLT(2).EQ.0) YSFT=0.0
CALL PLOTL(TPLOT,FDIFFyNX, *THRUST [MBALANCE (LBS)',22,
2'TIME (SECS)*'y-11,-4000004,100000¢50.0926¢0¢%09XSFT,YSFT)
7003 XSFT=9.0 :
IF(NUMPLT(3).NE.O) XSFT=18.0
[FINUMPLT(4).4E.0) GO TO 7004
IFINUMPLT (1) eEQCeO.OR.NUMPLT(2)eEQe0.ORNUMPLTI3).EQ.0) YSFT=0. o
CALL PLOTL(TPLOT,IDIFF,NX,*IMPULSE IMBALANCE (LB-SECS)*,27,
2'TIME (SECS)*'y=11,YSCALL,YSCAL240.0926¢0+4e0yXSFT,YSFT)
7004 XSFT=9.0 _
IFINUMPLT(3).NE.O.AND<NUMPLT(4).NE.O) XSFT=18.0
IFINUMPLT(5).NE.O) GO TO 7005 ‘
IF(NUMPLT(1)eEQe0oORNUMPLT(2)eEQ.0.ORNUMPLT(3).EQ.0.O0R.NUMPLT (%)
2.EQ.0) YSFT=0.0C
CALL PLOTL(TPLOT,IADIFF,NX,*ABS. IMPULSE IMBALANCE (LB-SECS)*y32,
2'TIME (SECS) y=11, IADIFF{NX=1)y IADIFF(NX)9y0.0,26.090.04XSFT,¥YSFT)
»- 7005 CONTINUE
NX=NX-2
> 8887 CONTINUE
GO TO 1004
2001 NX=NPLl-2
© NY=NP=-2
CALL INTERP(TPLOTL.FPLOTLaNX,TPLOT,FPLOT,NY,FDIFF,0)
CALL INTERP(TPLOTLITPLTL,NX,TPLOT, ITPLOT NY,IDIFF,1)
TOIFIG=TPLOTI(1)
FDIFIG=ABS(FDIFF(1))
DO 3002 J=2,NX
IF(TPLOT(J).6TS.02%TR) GO TO 3003
IF{ABSIFOIFF(J)).LT.ABSI{FDIFF(J=1))) GO TO 3002
. FDIFIG=ABS(FDIFF(J))
FOIFIG=FDIFF(J)
TOIFIG=TPLOTL(J)
3002 CONTINUE
3003 CONTINUE
DO 2005 I=1,NX
2005 TDIFF(I)=TPLOTL(])
DUM1=0.0
IADIFF(L)=ABS(FDIFF(1)/2.)%TPLOT1(1)
DO 2002 [=2,NX
FBARI=(FDIFF({I)+FDIFF(I-1))/2.
DUML=ABS (FBARI)*(TPLOTL(1)=TPLOTL(I--1))

YYVYVYVYY

yvyvy

VYYyvvYYy

v
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2002 TADIFF(I)=T1ADIFF{I-1)+DUML
IF(IPO.NE«3) WRITE(649999) (TPLOTL(I),FOIFF(I),IDIFFLI)LIADIFF(IL),
2I=1,nX) . . :
TI=AMINL(TWL,THWZ2) .
CALL INTRPLUIDIFF,TPLOTL NX,T1,DIT1,0)
DIT=IDIFFINX)-DIT1
CALL INTRPLUIADIFFoTPLOT145XeTIADITL1,0)
ADIT=IADIFF(NX)-ADITI
CALL INTRPL(FDIFF,TPLDT1 NX,TMAXQ,DFMQ,0)
CALL JNTRPLIFDIFFTPLOTL ¢y NXoyTWlaOFW1,0)
CALL INTRPLIFDIFFTPLOTL 4NX,TW24DFW2,0)
CALL INTRPL{TPLOTHFPLOTyNXy 1000004, TLO0K2,1)
CALL INTRPLITPLOTLI FPLOTLyNY410C0004,T100KL41)
TIO00K=AMAXL{T100K1,TL100KZ)
CALL INTRPL(FDIFF.TPLOTL1 NXy,TLO0K,DF100K,+0)
IF(IPD.EQ.2) GU TO 1004
CALL SCALE(IADIFF,B.04NX,1l)
YSCALLI=-ABS(B.0%JADIFF{NX+2))
YSCALZ2=ABS(2.0*%IADIFF(NX+2))
NX=NX+2
IF(NUMPLT (3).NE.Q) GO TD 7006
JF{NUMPLT{1).EQaQ.OR.NUMPLT(2).EQ.0) YSFT=0.0
CALL PLOTL{TPLOT1,FOIFF NX,*THRUST IMBALANCE (LBS)',22,
2'TIME (SECS)'y-114-400000.4100000410.0926.044.09XSFT,YSFT)
7006 XSFT1=9,.0
ITF{NUMPLT({3).NE.O0) XSFT=18.0
[F{HNUMPLT (4).ANELO) GO TO 7007
IFINUMPLT (1) eEQeOJURNUMPLT(2) .EQea0.ORJNUMPLT(3).EQ.0) YSFT=0.0
CALL PLOTL(TPLOTL,,INIFFyNXy*IMPULSE IMBALANCE (LR-SECS)*,27,
2'TIME (SECS)*9=11,YSCALL,YSCAL270.0,26.034.0,XSFT,YSFT)
=7007 XSFT=9.0
TFI(NUMPLT(3) o NE.OJANDJNUMPLT(4).NE.O) XSFT=18.0
IFINUMPLT(5).NE.O) GO TO 7008
IFINUMPLT (1) EQeQ.ORANUMPLT{2).EQea0.ORNUMPLTI(3).EQ.D.DR.NUMPLT (&)
2.EQ.0) YSFT=0,0 :
CALL PLOTL(TPLOTL,IADIFF,NX,'ABS. IMPULSE IMBALANCE (LB-SECS)',32,
2'TIME (SECS)*y—1LIADIFF{NX=1) 3 IADIFFI{NX}30.0426.000.0,XSFT,YSFT)
7008 CONTIHUE
~ NX=HX=2
1004 CONTINUE
RETURN
END

YYYVYVYVTYVIVVRYVYYY

YIVVYYVY
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> SUBROUTINE PLOTIT(YL,X1,NPl,Y2,X2yNP2,YHDRsNY,XHDRyNX,SY1,5Y2,
P 2SXL,SX2y ASFTHYSFT)

DIMENSIOII XHDR(B8),YHDR(8)4X1L(NPL),YL(NP1),X2(NP2),Y2(NP2)
Nl=NPl-2

NSL=NPL-1

N2=NP2-2

NS2=NP2~1

X1(NSL)=5X1

X1{NPL)=Sx2

X2{NS2)=5X1

X2(NP2)=5X2

YL{NSL)=SY1

Y1{NPL)=SY2

Y2(NS2)=SYl

Y2(NP2)=SY2

CALL PLOT(XSFT,YSFT,-3)

CALL AXIS(0.090e0¢YHDRyNY8.0,90.0,SY1,SY2)
CALL AXIS{0.0+s0e0yXHDRyNXy)1%44090e09SX1ySX2)
CALL LINF(X1oYlelyle04l)

CALL LINF(X2,Y2,1825140,2)

NPLOT=NPLAT+1

RETURN

END

\AAAAAARAALARARAARARRRAA
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-SUBROUTINE OVAL
REAL M1,.N1
COMMON/CONST4/DELDI D09D152CoXT 520
COMMON/VARIAT/Y
COMMON/OVALM/Z,2Q
COMMON/OVALM2/KKI 11
COMMON/OVALA/CHIH,CHINySENySEH,CHINH,AZ,B2Z
COMMON/OVALB/CHINN,CHINAV,SENN
COMMON/OVALC/RONCCN 9 RONDCH RONDGN ¢ RONDGH, EXN, EYN.EXH.EYH.
2ALPHAN, ALPHAH
DATA P1/3.14159/
KKI=KKI+1
IF(KKI.GT.1) GO, TO 8
AGN=( RUNDGN+SQRT (RONDGN%%24D[%%2)) /2.
BGN=AGN-RONDGN
AGH=(RUNDGH+SQRT (RONDGH*%24D1%%2))/ 2.
BGH=AGH~-RONDGH
DIH=2.%P1/11
KKM=0
KKL=0
KKJ=0
KKXT=0
KKP=0
AX=0.
AZ=0.
BZ2=0.
ACN={RONDCN+(RCNDCN*%2+(DO-2C)*%2)%%,5)/2.
BCV AC I-‘{ONDC N
ACH-(ROJDCH+(RLNDCH**2+(DD+ZC)**2)** 5)/2.
BCH=ACH-RCNOCH
ALN=(COS (ALPHAN) ) #%2+ (ACN/BCN) «#2% (S IN{ALPHAN) ) %2
ALH={COS {ALPHAH) ) *%2+ {ACH/BCH) $%2% (SIN(ALPHAH) ) *%2
BIN=( (ACN/BCN) «%x2-1,)%SIN(2.*ALPHAN)
BLH=(({ACH/BCH) ¥%2~1.)*SIN(2.*ALPHAH)
CliN=2.*%{EXN*¥COS(ALPHAN)— [ACN/BCH ) *#2%EYN*SIN{ALPHAN))
ClH=2.%#{EXH*COS(ALPHAH) - (ACH/BCH)**2*EYH*SIN(ALPHAH))
DIN=2%{ (ACN/BCN) *22%FYN*COS(ALPHAN)—EXN*SIN(ALPHAN))
DIH=2.%({ACH/BCH) #%2%EYH*COS { ALPHAH ) =EXH*SIN(ALPHAH))
EIN=(SIN(ALPHA®) ) 2%24+ (ACN/BCN) %%2%(COS{ALPHAN) ) %%2 .
ELH=(SIN(ALPHAH) ) *%2+ (ACH/BCH)%%2%(COS(ALPHAH) ) *%2
FIN=ACN®$2-EXN*%2—( (ACN/BCN)*EYN) k%2
FI1H=ACH#%2~-EXH#*%2~( (ACH/BCH)*EYH) *%2
SENNO=PI*(D0O-2C)
SENO=SENNO
SEHO=PI*(DO+ZC)
8 KK=0
YO=Y
3 JF(KK.EQ.L) Y=Y0+2Q/2.
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TABLE 1V-2 (CONT'D)

IF(KK.EQ.1) GO TO 5
[F(KK.EQ.2) Y=Y0-20/2.

IF(KK.EQ.2) 50 TO 6
IF(KKeEQeOaAND.XT.GT.0.) Y=YO+XT+2Q/2.
IF(KKeEQeOeANDXToGT.0.) GO TO 7

KK=1 .

GO 10 3

THETA=0.0

SUMD=0.

DO 12 I=1,I11

THETA=THETA+DTH

Ml= AIN*(COS(THCTA))**Z*BIV*SIN(THETA)*COS(THETA)*

QEIN®(SINITHETA) ) x%x2

NI=CIN*CCUS(THETA)+DIN*#SIN(THETA)
RC=(-NL+SQRT(NL#%2+4 . MLEFIN) )/ (2. %M]1)
IF(RC.LT.04) RC=(-N1-SQRTINL*%2+4.%M12F1IN))/(2.%M]1)
RG=SQRT(L./((COSITHETA)/ (AGN+Y) ) %%x2+(SINI(THETA)/(BGN+Y))%%2))
IFI{RG.GERC) KKM=1

SUMQO=SUM{+RG%DTH

CONTINUE

IFIKKM.EGel) SEN=SUMU

IF{SUMD.LE.D.) SEN=0,.

IF(KKM.ER.O) GO TO 9

CHIN=SEN/SE:NO

CHINAV=(1.+CHINN) /2. .

IF(XT.LE«Q.0) CHINAV=1.0

IF(KKJeEQel) CHINAV=(1loe=AX)®CHIN®AXZCHINN
CHINH=(l.+CHIN)/2.

KK=2

IF(Z.GE.0.0.AND.KKM.EQ. 0) G0 TO 62

GO Y0 2

THETA=0.0

SUMD=0.0

DO 13 [=1,11

THETA=THETA+DTH

Ml= AIH*(CUS(TH&TA))**ZfBlH*SlN(THETA)*COS(THETA)*

QELH*(STAHITHETA) ) %%2

Nl= CIH*CUS(TH:TA)+DlH*SIN(THETA)

RC=(-NL+SQRT(N1*%2+4, %M1 %FLH))/(2.%M])

IF(RCLT.06) RC={-NI-SQRT(N12%244 ,xM1%F1H))/{2.%M1)
RG=SQRT(1./((COS{THETA)/ (AGH+Y) ) *%2+(SIN(THETA)/(BGH+Y))%%2))
IFIRG.GE.RC) KKL=1

IFIRG.GELRC) RG=0.

SUMO=SUMO+RG*DTH

CONTINUE

IFIKKL.EQ.1) SEH=SUMOD

IF{SUMO.LE.O.) SEH=0.
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63
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CHIH=SEH/SEHD

IF(KKL.EQ.O) CHIH=1.0

CHINH=(l1.+CHIH) /2.

" IFIKKM.EQ.1) CHIVH—(SEN+SEH)/(StN0+SEHO)
GD TO 62

THETA=0.0

SUMD=0.

0D 11 I=1,11

THETA=THETA+DTH
MI=AIN®(COS(THETA) ) %%2+4B81INSSIN(THETA)*COS(THETA) +
2EIN¥(SIN(THETA)) %%2
NL=CIN*COS(THETA)}+DLN*SIN(THETA)
RC=(—NL+SQRT(N1**x2+4,%xML%FLN))/(2.%M1)
IF(RCaLToa0a) RC=(-NI-SQRT(NL%*%2+4,%MI%F1IN))/(2,%M1)
RG=SQRT(L1./((COS{THETA)/ (AGN+Y) ) *%x2+(SIN(THETA)/(BGN+Y) )*%2))
IFIRG.GE.RC) KKJ=1

IF(RG.GE.RC) RG=0.

SUMO=SUMO+RG*DTH

CONT I NUE

IF{KKJ.EQ.1) SENN=SUMO

IF(SUMOJLE.Q.) SENN=0.0

IF(KKJ.EG.0) GO TO 9

CHINN=SENN/SENND

KKXT=KKXT+1

IFIKKXTLEQa.1) YXIP=Y
AX=(Y-YXIP)/{XT+DD/2.-D1/2.-YXIP)
IFIAX.LE.O.) AX=O.

IF(AX.GE.1.0) AX=1.0

CHINAV=1 .-AX+AXSCHI NN

KK=1

IF{AX.LE.D0.5.AND.XT.GEL0.,02097%00) GG TO 9
GO T0 3

Y=Y0O

IF(KKL.EQ.O.AND.KKM.EQ.0) GO TO 63
KKP=KKP+1

IF(KKP.EQ.1) YZIP=Y ,
AZ=(Y-YZIP)/(ABS(Z)/2.+D0/2.-D1/2.-Y21P)
IF(AZ.LE.O.) Al=0.

BZ=1.-AZ

CONTINUE

RETURN

END
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TABLE IV~-2 (CONT'D)

SURRDOUTINE SETUP

INTEGER TEMPCD,L,CODE

REAL T(200)

CEAL ANS(60)

REAL TEMPA(10),CONST(6D)
INTEGER ORNDER(60)y CNSTNM
PEAL FXAREA(2,100)

REAL XX{105),YY(105)
REAL PSEUNC(LO5Y

AEAL X{40,105),Y(105), FX(QOolOS)
T I TR T T T T LT PP P R o e e g P T T T T 2 T T

IF THE DIMENSION NF X AND FX ARE CHANGED M AND N SHQULD

ALSD RE RESET

*
*

Bt d bk e kR kR Rk Rk ##*#*##*##t#t#t##&###t#tt##########t#t######t*#**

30

106

107

31

311

"REAL MODE,MEAN MLy M2,K,INC

COMMON/SEED/IX
INPTNM=Q

CNSTNM=0

N=105

NIT=100

NSTI=10

M=40

MM=0

MI1=NT+1
NSI1=NST+])
READ(S,100)IX
CONTINUE :
READ(5,106) NAML,NAM2
FORMAT(2A4)

REAN(S,LO2)ICNDE X1 4 X290 X3¢X49X54X69 X7
WRITE(64107) NAML 3y NAMZ2,CODE 9 XL e X29X39X%9XD¢Xb,XT
FORMAT (1 X92A495Xs1245XsT(LIPELLo4s3X))

IF(CONE.EQ.90) GU TO 399
INPTNM=INPTNM+]
TF(CODF.EQ. 60160 TO 356
MM=MM+ |

ORDER ( INPTNM) =MM
TEMPCD=CONE/LO

GO TO (31+32933+3+4435),TEMPCD

CONT INUE
NDT=X4

NO[1=NDI+1

X (MM, 1)=X2

DN 311 [=2,NOI

X{ MM, [)1=X{MM, [=1)+X3
CINT INUE

DN 312 [=1,NNI
Y(1)=0.
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312

315

316

314

313
317

318

32

220

222

221

TABLE IV-2 (CONT'D)

CONTINUE

H=X3

STARTR=X2-X3/2.

SuUM=0.

NOvV=X1

MOC=(Xl*9.)/10.

DD 313 JJ4=1,NOC
READ(5,104) (T =MPA(I)4]1=1,10)
WRITE(64,139) (TFMPA(T),I1=1,10)
DN 314 J=1,10
IF(JJ*10+J.GT.NOV)GO TN 317
DD 315 1=1,N0O1
[F(TEMPA(J) LT XIMM, 1)¢X3/2.1G0 TO 316
CONTINUE

‘GO0 TN 314

CONTINUE

Yili=Y({1)})+l,

SUM=SUM+],

CONTINUE -~

CONTINUF

CONTINUE

[F(CODFEQ.11)YGD TO 99
FX(MW,1)=0.

NO 318 1=2,N0T1

FXIMM, II=FX (MM, 1-1)4+Y(I-1)/SUM
CAONTINUE

GO T2 30

CONTINUE

NOI=X1

X{MM, 1)=X2

DO 220 1=2,N0]

X{MM, T)=X{MM, -1)+X3
CONTINUF
READ(S5,104)(Y(I)yI=1yN3I)
WRITE(6,109) (Y(I),[=1,NCI)
H=X3

STARTR=X2~X3/2.
IF(CODELEQL21)IGC TO 99
SuUmM=0, .

DO 222 I=1,N0O1
SUM=SUM+Y (1)

CONTINUE

NOT1=NQT+1

FX(MM,1)=0.

DO 221 1=2,N011

FXIMM, T)=FX (MM, J-1)¢Y (1) /SUM
CONTINUE V

G2 10 30
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33 CONTINUE
MEAN=X1
$2=X1
U2=x2
Us=x3
Uéd=X4
H=X5
STARTR=X6
SUMX=X7
GO ¥v0 331
34 CONTINUE )
NOI=X1 J
X{MM, 1)=X2
DD 341 1=2,N01
AK(MM T )=X (MM, I-]1)¢X3
341 CONTINUF
READIS,104)(FXIMM, 1), 1=]1,NOT)
WRITE(6:109) (FX{(MMA31)el=1,NOIT)
109 FORMAT{5X,1P10E1l}l. %)
Go TN 30
35 CONTINUE
CNNE=CNDE-50
GO T0(351,3524353,354,355),C0DE
351 CONTINUE
MEAN=X1
SIGMA=X2
IF(X6.FRaO.IXO6=MEAN=-3,%SIGMA
IF{XT7.EQaO0)XT=MEAN+3,*SIGMA
XQq=X6
AN=XT
1351 COANTINUE
H= (XN=-X0) /FLOATINI)
D=H/FLNATINS])
X{MM, 1)=X0
INC=( XN=-XO)/FLDAT(NI)
NN 201 I=2,NT11]
X{MM, I)=X(MM, [=]1)+H
201 CONTINUE
DO 202 J=2,NI1
TEl)=X({"Me4-1)
DN 203 KK=2,NSI1
TIKK)=TI{KK=1)1+D
203 CONTINUF
DO 204 L=1,NSI1
Y{L)=(1e/(SQRT(6e¢2832)*SICMA)IS(EXP (=~ S5*{ITIL)-MEAN)/SIGMA)*%2))
204 CONTINUE
CALL CAREA(YsFX My NeMMyNST yJsD)
202 CONTINUE

=90~



TABLE IV-2 (CONT'D)

DD 205 1=24NI1
FX(MM, T)=FX(MM, I)/FX(MM,NILD)
205 CONTINUF .
GO T3 30 ¥
352 CONTINUE
INC={X2-X1)/FLDAT{NI)
X{MM,1)=X1
DO 3521 [=2,NI1
X{MM, T)=X{MM, T-1)+INC
3521 CONTINUE
INC=1,.,/FLOAT(NI)
FX{MM,1)=0.
DO 3522 I=2,NI11
FX(MM,I)=FX(MM.I-1)*INC
3522 CONTINUE
GO TN 30
353 CONTINUE
MEAN=X1
SIGMA=X2
X0=ME AN
TFIX7EQeQe) XT=MEAN+3,%SGMA
XN=X7
GO TO 1351
354 CONTINUEF
355 CONTINUE
GO TO 30
356 CONYINUE
CNSTNM=(NSTAM+]
DRNER { INPTANM)=100+CNSTNM
CONST(CNSTNM)=X1
G0 TO 30
99 MEAN=Q,
SU'4X=0.
S1=0.
SZ=0..
$3=0.
$4=0.
$5=0.
DO 200 L=1,NOI
[=NOI-L+1
SUMX=SUMX+Y (L)
S1=S1+Y(1)
$2=52+S1
$3=S3+S2
S4=S54+S3
$5=55+S4
200 CONTINUE
MEAN=S2/SUMX
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331

706

701

703

TABLE IV-2 (CONT'D)

$2=S52/SUMX
$3=53/SUMX

S4=54/7SUMX

$5=55/7SUMX

U2=2.%S3-S2%{(1.+52)
U3=64%54-3,%U2%(1.+S2)1-52%(1.+S2)%(2.+52)
Ue=24e%S5-2eFUBX (2% (1e¢S2) 41 )-U2%(6e*(1e+S2)%(2.4S2)~1.)
9 © =S2% [ 1e+52)%(2.452)%(3.+52)
CONTINUE

Bl=U3%%x2/U2%%3

R2=U4/02%%2

K={B]1*(B2+3, )**2)/(4.*(2.*32 3.¥81-6,)%(4.B2-3,%81))
IF(K)1,98,94

P=(6e¥(B2=Bl=14))/(6et3.%B1=24 %32 )
COM=B1%(R+2,)%%2+416.%(R+1.)
ALA2=.5%SART(1121%SQAT(COM)

CNM12=R%{R+2,) *SORT(31/COM)

IF(U3.LT . 0.)1COML2==-CUML2

M2=,5%(R~2,4CNM|2)

ML=.5%(R~2,-CIM]12)

yO0= (gqu/Alnz)*(v1**w1*u2¢¢mz)/(M1+Mz)tv(M1+M2)#bAMMAtM1+M2+z.)/
G{GAMMA(ML+] . ) *GAMMA(M2+],))

A2=A1A2/(ML/M2+1,)

Al=A1A2-42

MIDF=MEAM=.5%J3/U2#%(R¢2,)/(R=2,)

MODE="A0DEXH+STARTR

INC=ALA2/FLOAT(N)

X{MMe 1) =MODF#( =AY ) %H

XIMMGNTL)=MODE ¢A2%H

H= (X{MMyNTL)=X(MMy 1)) /FLNATINT)

X{MM,2)=STARTR

DN 706 I=3,NI _

XEMM, T)=X(MM, [~]1)+H

CONTINUE

PSEUDN(Ll)==-Al

PSEUNOINILN =A2

H=ALA2/NT ¢

DN 701 I=2,NI

PSEUDD(I)=PSEUDD(I-1)+H

CONTINUE

D=H/FLOAT(NST)

DO 702 J=2,NI11

T{1)=PSEUDN(I-1)}

DD 703 KK=2,NSI1

TIKK)=T(KK=-1)+D

CONTINUE

D3 704 L=1,NSI1

Y{L)=YOX (1o ¢T(L)/ALI*XMLR(1.-T(L)/A2)%3%M2
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TABLE IV-2 (CONT'D)

704 CONTINUE
CALL CAREA(Y,FXyMyNeMMyNSTJ,D)
702 CONTINUE
NO 705 1=2,NI11 ‘
FXIMM, 1) =FX{MM, 1)/FXIMM,NI1)
705 CONTINUE
GO TN 30
94 IF(K-1)4,96,6
4 CONTINUE : ‘
R=(6e%(B2-Bl-le))/(2.%B2-3,%Bl-64)
Ml =,5%(R+2,)
COM=SQRT(16e*(R=1,)-RLl%(R=-2,)%%2)
V= (-RE(R=2,)*SQRT(BL)I/COM
IF(U3.GE.0.)GD TO 44
"V=ABS (V)
44 CONTINUE
A1=SORT(U2/16.)%*C0OM
" MINE=MEAN-(U3%(R=2.))/((2e+U2)%(R+2.))
THETA=ATAN{V/R)
IF(R.LEL10.)GD TO 48
Al=Al*H
YO=SUMX/AL1*SNORTIR/6.2832)*{EXPICOS(THETA)%%2/(3,%R)~1,/
9({12%R)-THETA%V))/(COS{THETA) ) %% (R+1)
48 CONTINUE
ORIGIN=MEAN+V*ALl/R
H=2,%DRIGIN/FL GATINI)
D=H/FLNAT(NST)
X({MM,1)=-0RIGIN
NO 711 1=2,NI1
X{MM, T 1=X(M4, [-1)+H
711 CONTINUF
DO 712 J=2,NI1
TE1)=X{MM,J-1)
DO 713 KK=2,NST1
TIKK)=T(KK=1)+D
713 CONTINUE
DO 714 L=1,NSI1 ,
YOL)=YOR( 1 4T(L)X*2/A1%%2) %% (=ML)%EXP{~VXATAN(T(L)/AL1))
714 CONTINUE : ‘
CALL CARFA({Y,FXyMyN,MMyNSTyJ,D)
712 CONTINUE
DO 715 I1=2,NI1
FXIMM, I)=FXI{MM,T)/FX{(MM,NI1)
715 CONTINUF
DO 716 I=1,NI1
X{MMy I )=X{MM, T ) ¢ORIGIN
716 CONTINUE
GO T0 30
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TABLE IV-2 (CONT'D)

6 CONTINUE
{MEAN=MEAN
MEAM=MEAN-IMEAN
R={b6.*¥(R2-Bl-1.))/(6.+3.%81-2.%82)
COM=BLE(42,) %% 2+]16,*(R¢+],)
Al=.5%SORT{U2)*=SQRT(CNM)
COML2=(R%[R+2,))/2.%SORT{BL1/COM)
“1="((R"2',/20-C0“12)
MZ"‘R‘ZQ'/ZQ*COMLZ
YO=(ALl%%x(M]-U2-1.)/GAPMA(IML1-M2-1.} )% (GAMMA(ML)/GAMMA(M24]1.) ) 5SUMX
MIGIN=MEAN=(ALl=(M]I=-1.,))/7(M]1=-M2-2,) '
MODE=MEAN=-.5%1J3/U2*(R+2,)/(R-2,)
AN=A1+XN/H
SAVEH=H
H=(XN~A]1 )})/FLOATINI)
D=H/FLCATINSI)
X{MM,1)=A1
DN 721 1=2,NI1
X{MM,y T )=X{MM, I~-]1)+H
721 CONTINUF ’ '
DN 722 y=2,NI11
TOLI)=X(MM, J=-1) S
DO 723 KK=2,NS11 :
TIKK)=T{KK-1)+D
723 CONTINUE
DY 72% L=1,NSI1
YL)=YOX(T(L)-AL)*%M2%T(L)%x%{-M])
T24 CONTINUYE
CALL CAQREA(Y FXoyMgNygMMyNST ,JyD)
722 CONTINUE
DO 725 1=1,NI1
FX(MM, II=FX(MM, T)/FXIMMONTL)
725 CONTINUF
DO 726 1=1,N]J1
XUMM, [)=(X{™MM, T)=-A1)*SAVEH
726 CONTINUE ' ‘
GO TN 30
98 WRITE(6,103)
GO TO 359
96 CONTINUF
WRITE(6,105)
399 CONTYINUE
RETURN
kR ExakErak  ENTRY POINT Sxdsssokdesckordnabdoeghn
ENTRY INPUT :
REWIND &
D0 500 J=1,INPTNM
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TABLE IV-2 (CONT'D)

IF(ORDER(J).GT.100)GO TO 501
RND=RANDU(IX)

DN 502 [=1,NI1 :
IF{RND,LT. FX(ORDEQ(J).I))GO TD 503

502 CONTINUE

503 CONTINUF
ANS(J)=X(NRDER(J), I)

GO TN 500
501 CONTINUE
. ANS(J)=CONST(CORDER(J}-100)

500 CONTINUE '
WRITE(4,101)(ANS(T),I=1,INPTNM)
ENDFILE 4
REWIND 4

100 FORMAT(110)

101 FORMAT{E16.9)

102 FORMATI(I292Xy7€10.0)

103 FORMAT(* ¢ 'x=0Q")

104 FORMAT(10F8.0)

105 FORMAT({?Y v, k= 1, ')

RETURN

END
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TABLE IV-2 (CONT'D)

REAL FX(MyN}4YI(N)
NSIL=NS[+1
NSIO=NSI-1
FX{MM,1)=0.
SUM=0.
DO 201 [=3,NSI0,2
SUM=SUM+4 . 2Y([~-1)+2.%Y(])
201 CONTINUE

AREA=D/3.%(Y(L)+SUM+YINSIL]})
FXIMNMyJ)=FX{MM,J-1)+AREA
RETURN
END :
FUNCTION RANDUI(IX
IX=1X%65541
IF{IX)5,646

5 IX=[(X42147483647+1

6 RANDU=IX
RANDU=RANDU*.4656613E-9
RETURN
END

~96-



2

3
200
100

»

TABLE IV-2 (CONT'D)

SUBROUTINE INTERP(X14YLoNLyX2,Y2,N2,YDIFF, ICHK)
DIMEHSION XLONL},YLINL),X2(N2),Y2(N2),YDIFF(NL)
DO 100 I=1,Wl

N3=N2-1

CO 200 J=1,H3 : ,
IF(1.GToN2.A4D.ICHK.EQ.O) YDIFF(I)=Y1(1)
IF(1.GT.xN2.A4D.ICHKLEQ.L) YOIFF([)=YL(I)-Y2(N2)
IF(I.GT.%2) GO TO 100
IFLABSIXLIT)=X2(J)).GT.1.E=5) GO TO 1
YDIFF(I)=YL(I)=-Y2(J)

GO TG 100

IF(XL(T)«LTaX2(J)ORXLI{I)SHELX2(J41)) GO TO 2
YDIFF(I)"YI(I)-((YZ(J+1) Y2(J))/7(X2(3+1)-=-X2(J)))={(XL(I)}-X2(J))
2-Y21(J)

GO 70 10¢

IFIX1(I)oGEX2(J+]1 ) ANDJ+1.LT.N2) GO TO 200

IF(J.EQ.1) GO TN 3

YOIFF(I)=Y1(I)=-((Y2(J)-Y2(I- 1))/(X2(J)-X2(J 1)) )*=(X1(I)-X2(4-1))
2=-Y2(J-1)

GO TO 100

YDIFF(I)—YI(I)—(YZ(J)/XZ(J))*XI(I)-YZ(J)

CONTINUE

IF(ABS(YDIFF(I)).LT.ABSIYL(I)#1.E-5)) YDIFF(I)=0.0
TF(NLLEQoNZ2JANDJABSIXLINL)I=X2(N2) ) LT 1 E-5) YDIFF(NL)=YL(N1)
2-Y2(H2)

IF(ABS(YDIFF(QI)) LT.ABS{YLINL)*1.E~-5)) YDIFF(N1)=0.0

RETURN

END

SUBROUTINE PLOTL(X Y 4Ny YHDRyNYy XHDRyNXySYLySY29SX1lySX24XY,

»2XSFT,YSFT)

YYVYYVVYYVYYYYYYVY

DIMENSION X(N)},Y(N)

DIMENSIO:{ XHDR(8),YHDR{8)

X{N-1)=5SX1

X{N)=5X2

Y{N-1)=SY1l

Y(N)=SY2

CALL PLOT(XSFT,YSFT,-3)

CALL AXIS(0.0+0.0,YHDRyNY,8.0+490.0,SY1,SY2)
CALL AXIS{0.0,XY, XHDR HX95.040.0,5X1,5X2)
N1=N-2 ‘

CALL LINE(XyYeN14190,41)

KPLOT=KPLOT+1

RETURN

END
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TABLE'IV-Z'(CONT'D)

SURROUTIMNE PAIR
REAL IDIFF, IMAX1,IMINIL, IMsz.lMlNz.IMAx.lMlN ‘
COMMIN/PAIPL/TWL s T2 4DTHWFWLl,Fw2, DFWly DFW2,DFw, TMAXQ, DFMQ,
2FDIFF,TDIFF M o - s
cnwmnN/pAIQZ/FMAXI.TFMxl.meul TFMNL,
2 FMAX2 ,TFMX29FMIN2,TFMN2'
COMMON/PAIRI/AFMAX s TFMAX s AFMAXT , TFMAXT
COMMON/NUTL/FDIFIG,TOIFIGDITH,ADIT
DIMENSION FDIFF(400),TNIFF{400)
COMMON/DUT2/NF100K , T100K
COMMON/TOFF/DFTNOL,DFTN2,TDFTNL1, TDFTO2
FMAX=FDIFF(1)
FMIN=FDIFF(1)
FMAX1=FNDIFF(1)
FMINL=FDIFF(1)
TEMXL=TDIEF(1)
TEFMNL=TDIFF(1)
=AMINL{TWL,TW2)
DD 6 [=2,N
K=1
IF(TDIFF(I)—T) 7:7,8
FMAX=AMAXIUFDIFF{] ) FMAX)
IF{FMAXGTeFYAXL) - TFMX1=TDIFF(I)
FMAX1=F"AX
FMIN=AMINL{FDIFF(I),FMIN)
IF(FMINGLTFMINL) TEMNL=TDIFF(I)
FMINI=F4YIN
CONTINYE
FMAX=FDIFF(K)
FMIN=FDIFFIK)
FMAX2=FDIFF(K)
FMIN2=FDIFF(K)
TFMX2=TDIFF(K)
TEMN2=TDIFF(K)
D0 9 I=K,N
FMAX=AMAX1(FDIFF(I),FMAX)
TF(FMAX.GT.FMAX2) TFMX2=TDIFF(T)
FMAX2=FMAX
FMIN=AMINLI(FDIFF({I),FMIN)
[FIFMINGLY.FMINZ) TFMN2=TDIFF(1)
FMIN2=FMIN
CONTINUF
AFMAX1=A8G(FMAX])
AFMINI=ABS{FMIN])
(FIAFMAX] GELAFMINL) TFMAX=TFMX]
IF(AFYINL.GTAFMAXL) TFMAX=TFMNL
AFMAX=AMAX]1 (AFMAXL  AFMINL)
AFMAX2=ABS(FMAX2)
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TABLE 1IV-2 (CONT'D)

AFMIN2=ABS(FMIN2)
IF(AFMAX2eGE«2FMINZ) TFMAXT=TFMX2
TFLAFHAIM2.GT.AFMAX2) TFMAXT=TFMUN2
AFMAXT=AMAXL(AFMAX2yAFMIN2)
DTW=ABSIDTW)

DFW=ABS(DFW)

NFWI=ARS(DFW1)

DFW2=A8S({DFW2)

DFMQ=ABS{DFvQ)

FOIFIG=ABRS(FODIFIG)

NF100K=ARS{DF100K}
###*#**#**t**#**t##**t****#**####*#*#####***#*###**#**##*************

QUTPUT MOTCR PAIR DATA

FMAX1 ,FMIN]L s TFMX] AND TFMN]1 ARE THE MAXIMUM AND MINIMUM

VALUES CF THRUST IMRALANCE DIRING LCWAT AND THE TIMES
. AT WHICH THEY OCCUR RESPECTIVELY

FMAX2,FMINZyTFUX2 AND TFMN2 ARE THE MAXIMUM AND MINIMUM
VALUES CF THRUST IMBALANCE DURING TAIL-0OFF AND THE TIMES
AT WHICH THEY OCCUR RESPECTIVELY :

TDFTOL,TOFT02 AND DTW ARE THE wER TIMES FOR THE FIRST AND
SECOND MOTORS T BEGIN TAILOFF ANpD THE ABSOLUTE VALUE
NF THE DIFFERENCE IN WEB TIMES RESPECTIVELY

FAlyFW2 AND DFW ARE THE THRUSTS AT WEB TIME #CGR THE FIRST
AND SECOND MDTNRS TO BEGIN TAILOFF AND THE ABSQLUTE
VALUE CF THE DIFFERENCE IN THRUSTS AT wEB TIME
RESPFLTIVELY

DFTND1 AND DFTN2 ARE THE ABSNLUTE VALUES OF THE THRUST
IMBALANCES WHICH EXIST WHEN THE FIRST AND SECOND MOTORS
BEGIN TAILOFF RESPECTYIVELY

OO
R R R E E R E E E R E R

0 CONTINUE _

DFMO AND TYAXQ ARE THE ABSOLUTE VALUE. OF THE THRUST
IMBALANCF WHEN THE MAXIMUM DYNAMIC PRESSURE 0OCCURS ON
THF VEHICLE AND THE TIME AT WHICH IT OCCURS RESPECTIVELY

AFMAX AND TFMAX ARE THE ABSOLUTE VALUE UF THE MAXIM4UM THRUST
IMBALANCE UOURIN EWAT AND THE TIME AT WHICH [T OCCURS
RESPECTIVELY

AFMAXT AND TFMAXT ARE THF ABSOLUTE VALUE NF THE MAXIMUM
THRIJST IMBALANCF DURING TAIL-OFF AND THE TIME AT WHICH
IT NCCUFS PESPECTIVELY

FOIFIG . AND TDIFIG ARE THE ABSOLUTE VALUE OF THE MAXIMUM
THRUST IMRALAMCE DURING THE INITIAL PART GF OPERATION
AND THE TIM[C AT WHICH IT QCCURS RESPECTIVELY

DIT AND ADIT ARE THE THE TOTAL IMPULSE IMBALANCE AND THE
ABSOLUTE VALIE OF THE TOTAL IMPULSE IMBALANCE OURING
TAIL-NFF

NDFLO00K AND T100K ARE THE ABSQOLUTE VALUE OF THE THPUST

10

LR R BE K B L R B B BRI K I AR el BE- AR - N NE N NN R R R SRR W A NN

DO DHOHOODOAOITDONNON
3 B 4 3 3 3% 4 3 3 3 B 3 X o #
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TABLE IV-2 (CONT'D)

cC = IMBALANCE WHEN THE LAST MOTOR REACHES 100K AND THE %

cC = TIME AT WHICH IT OCCURS RESPECTIVELY .
C e ok Rk R S kR AR R RS E AR R R G ARG R GG E R R IR TG RE R R Gk

IF(TW1-TW2)

700 DFTO1=DFW1
DFTN2=DFW2
G0 10 702

701 DFTO1=DFW2
DFTN2=DFW1
Fll=FW2
FH2=FWl

702 CONTINUE

700,700,701

TDFTOL=AMINI(TWL,TW2)
TOFTO2=AMAXLETW]l,TW2)

WRITE(641)

1 FORMAT(//,20Xs'MOTCR PAIR DATA')
WRITE(6¢2) FMAXL,TFMX1,FMIN]1,TFMN1,

2FMAX2,, TEMX2,FMIN2, TFMN2,DFTOL.DFT0D2,

ATDETOL,TOFTO2yDTW s FULWFH 2, 0FW,0FMQ, TMAXQ,
ZAFMAX TFAAX ) AFMAXT (TFMAXT o FDIFIG,TDIFIG,DIT,ADIT,DFLO0K,T100K

2 FIRMAT{13X,'FMAXl=

213X FMINL=
213X, *FMAX2=
2L3X P FMIND=
2L3X,*DFT0L=
213X, *TDFTOL=
2/ 13X,y 'FWl=
21PELL.%0/y
213X, 'DFMQ=
213Xy YAFMAX=
213X, "AFMAXT=
213X 'FUIFIG=
213X,*'D]IT=
213X, *NDFL10O0K=
RETURN

END

v IPE1la4y 13Xy TEMN]=
s 1PE1Ll.4913X,'TFMX?2=
s LPELLea%4s 13X, 'TEMNZ=
v IPELL.4913X,'DFTN2=
2 1PE11.4,4,13X,'TDFTN2=

"2y lPELlle4s13Xy'FW2=

r1PELLa4y 13X, TMAXQ=
s IPELLe4o 13X, ' TFMAX=

v IPFLLlo4y 13X P TFMAXT=

2y IPELLe 4y 13X, TDIFIG=
y1PEL1Ll.4413X,ADIT=
+1PE1l.4413X,*T100K=

-100-

'J1PELLla4y 13X, *TFMX]=

.'lpF.llo‘Q'/’
*w1PELL. 44/
*LIPELLG 4/
' 1PELL.4y/y
]

2 IPELL.4413X,'DTHW=
1 1PELL.49 13X, ?DFW=

"W 1PELL 447
‘Y IPFLle4,/
'Yy 1PELLle4 o/
t L LlPFlle%o/y
Yo lPELlLle4o /s
', IPFLll.4)

Yo lPELla4 o/

. %
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TABLE IV-2 (CONT'D)

SUBROUTINE INTRPL(Y T¢NeTT,DY,ICHK)
DIMENSION Y{H),T(N)
Nl=N-1
CY=0.0
IF(ICHK) 2,2,3
2 DO 1 I=1,N1
IF(TTeGET(I)eANDTTLLT.T(I+1)) DY= ((Y(l+l)—Y(l))/(T(l+l) T(1)))
2E{TT-T(I))+YL(])
IF(DY.NE.0.0) RETURN
1 CONTINUE
3 D0 4 I=1,n1
IF(TTLLECT(I) ANDSTTLGTTHI+L)) DY=((Y(I+1)=-Y(I))/(T(I+1)=-T(I)))
2=(TT-T(1)}+Y(1)
IF(DY.NE.0.0) RETURN
4 CONTINUE
RETURN
END

SUBROUTINE SIGBAR(XsXI,XI2ySIGX,BX, ICOUVT'N SIG1,S51G2)
XN=FLOAT(N)
IFLICUOUNT.GT.2) GO TO 1
X12=0.0
XI=0.0

1 XI2=X]2+X#&*2
Xi=X1+X
BX=X1/XN
XIS=X[*%2
SIGX=SQRT((XI2/XN)={XIS/XN*#%2))
SIGL=SQRT(X12/XN)
SIG2=SQRT(XI2/(2.%XN))
RETURN & .
END
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V. SAMPLE STUDY

In keeping with the present interest in very large SRMs the case
selected for the sample study is a l46-inch diameter motor of the type
being considered for use on the Space Shuttle. However, the study does
not constitute a prediction of the imbalance characteristics of the
Space Shuttle. No effort has been made to select the most recent design
considered for the Shuttle or to minimize or maximize imbalance, Although
the statistical characteristics of the input variables should be reason-
able for the most part, in some cases their selection has been somewhat
arbitrary since the purpose of this study is merely to demonstrate the
setup procedures, format and computational capabilities of the computer
program, :

The SRM for the sample case has three center segments consisting of
circular perforated grains, an aft segment with a circular perforated
grain and a forward segment with a truncated (slotted tube) nine point
star grain. The fixed values for the sample case are given in Table V-1.
It will be noted that both the head end and aft end domes are represented
by hemispherical closures which is seemingly inconsistent with the fact
that the head end of the foremost circular perforated grain is flat.

This is an attempt to artificially correct for the curvature of the star
grain segment located at the extreme head end. Experience with the simpli-
fied computer program indicates that this is a satisfactory alternative
procedure to specification of an effective length of star grain. Of course,
the effects of the head end closure burning surface geometry could be
represented more precisely by specifying tabular input values, but it
should be kept in mind that only the burning surface defined by equationms
is subject to statistical variation. In the present case, because the
entire head end segment is consumed far in advance of tailoff, only minor
errors in the predicted behavior during the critical tailoff portion of
the traces should be encountered as a result of the approximation used.

Table V-2 gives the input data for the statistical variables of the
sample case. Included in Table V-2 are brief comments on the sources of
the data and the method in which it is applied to the present study.

It will be noted that in a number of cases the convention is adopted of
taking the drawing tolerances as representing 13 standard deviations in

a normally distributed population of a variable. Also, where more than
one dimension controls a variable input dimension, the standard deviation
of the variable is taken as the square root of the sum of the squares of
the standard deviations of the controlled variables (assumed to be nor-
mally distributed and uncorrelated.) An example of this is the standard
deviation of the average outside diameter of the circular perforated
grain which is calculated based on the standard deviations of the outside
diameter of the case, and the thicknesses of the case wall, liner and
insulation.
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TABLE V-1. FIXED INPUT VALUES OF SAMPLE CASE

Options ‘ Grain Configuration
IEO = 1 INPUT = 2
IPO = 1 GRAIN = 3
NUMPLT(J) 0 0 0 0 0 - STAR = 2
NT =0
Propellant Characteristics
ORDER = 1
L = 1367.23
CoP = 2
TAU = 39.740

C. P. Grain Geometry

Basic Performance Constants

XTZ0 = 0.120
DELTAY = 0.040 '
II = 26 Ss=1

X0UT = 1000.00

DPOUT = 10,000.00

ZETAF = 0.9600 Basic Star Geometry
TMAXQ = 60.0 ' ,

TB = 122.2 NS =1

HB = 130,000

PREF = 560.00 NP = 9

DTREE = 57.285

PIPK = 0.00150 NN =0

CSTART = 0.0000380

CSTARP = 0.0057000

PTRAN = 0.0

GAMP = 0.00527000
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Variable Code
RHO 51
Al A2 21
N1,N2 60
ALFA 60
BETA 60
ROAL 51
DE 51
DTI 51
THETA 60
ALFAN 60
LTAP 60
XT 51
Z0 51
ZC 51
RONDCN 53
RONDCH 53
RONDGN 53
RONDGH 53
EXN 51
EYN 51

.

0.06350

11

Data éards for Al and A2:

Reference Values: a = 0.0366045

x2

0.0000105

0.03655

Re

INPUT DATA FOR STATISTICAL VARIABLES OF.SAMPLE CASE

Source or Comment

f. 8, p. 4.5-26 (2/3 of total

variation ascribed to propellant

we
X3

ight).
= 0,00001

1,3,5,2,13,16,10,12,4,7,1

¢, = 0.060%

Source: Ref. 8, pp. 4.5-24, 4.5-25, MINUTEMAN data pair
analysis scaled.

0.035
0.0
0.0

4.350

145.67
54.430
0.0

11.250

176.5

3.0400

2,41

0.0000
0.0
0.0
0.0
0.0

0.0
0.0

0.033333

0.0100

0.02357
0.02357
0.02357
0.083333
0.083333
0.033333
0.033333
0.05
0.05

~104-

Re

f. 1, Weighting error distribu-

tion, p. 44.

Fr

om drawing tolerance:

3¢
30

30
30
30
30
30
30
30
30
30

= 0,100
= 0.030

= 0,05 /E—Eontrolling.dimensions
= 0.05 2

= 0.05 v2

= 0.250

= 0.250

= 0,100

= 0,100

= 0,150

= 0.150




TABLE V-2, INPUT DATA FOR STATISTICAL VARIABLES OF SAMPLE CASE (CONT'D)

Variable Code X1 X2 Source or Comment

EXH 51 0.0 0.05 30 = 0.150

EYH 51 0.0 0.05 30 = 0.150

ALPHAN 52 0.0 360. Random orientation of mandrel
and case. ‘

ALPHAH 52 0.0 360 Random orientation of mandrel

ERREF 51 0.00763 0.00032 POSEIDON data per Ref. 8,
pc 4.5-26, Cv = 4.22.

TGR 51 60.0 0.2333 Ref. 8, p. 4.5-26, 60 = 1.4°F.

TIGR 11 40.0 0.3740 X3 = 0.0040, X4 = 15

Data card for TIGR: 0.3777, 0.3811, 0.4030, 0.3980, 0.3744, 0.3795,
0.4266, 0.4300, 0.4334, 0.4300, 0.3980, 0.3997, 0.3862, 0.3845,
0.3895, 0.3963, 0.4013, 0.3929, 0.4097, 0.4081, 0.3980, 0.4030,
0.3827, 0.3963, 0.3980, 0.3996, 0.3895, 0.3929, 0.4081, 0.4132,
0.4215, 0.4148, 0.3946, 0.3744, 0.3845, 0.4136, 0.4148, 0.4030,

0.4013.
Reference values: Tigr = 0.40, C, = 3.83%.
Source: Artificial data based on C,, of large number of motors.
DO 51 143.080 0.01462 30 = v0.0322 + 2 x 0.02Z + 0.012
DI 51  63.590 0.033333 30 = 0.10
THETAG 60 10.1990 .
LGCI 51 1135.58 0.577 30 = 1.0/3 segments
LGNI 51 51.20 0.33333 30 = 1.0
THETCN 60 0.0 .
THETCH 60 90.0 .
LGSI 51 189.15 0.3333 30 = 1.0
RC 51 71.540 0.00731 30 = v0.032% + 2x0.022 + 0.012/2
FILL 51 2.010 0.011111 . 30 = (1/9 points x 0.1)
RP 51 12.000 0.01667" 30 = 0.05
RIS 51 63.540 0.01667 30 = 0.05
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Not only must the procedures used in manufacture and quality control
of the motor production be recognized when specifying the input character-
istics, but also the way a particular variable is used in the program.
Thus, when a dimension (or other characteristic) of a variable is subject
to random variation and the effect of the variation is averaged in the
program, the standard deviation in the variable should be reduced. For
example, the standard deviation in the fillet radii of the star points
18 reduced by the Y9 because the nine star points each have equal effects
on the burning surface. Similarly, the propellant average burning rate
variation between pairs may be reduced substantially if propellant from
the same mixer batch is divided between the pair of motors as was assumed
in this sample case.

In treatment of characteristics such as burning rate, propellant
density, and grain temperature, it is assumed that the primary concern is
the variation between two motors of a pair and variation between pairs is
not considered. Thus, for example, the standard deviation in these charac-
teristics is only that within a pair and excludes any between pair varia-
tion as experienced from change of a lot of propellant between pairs or from
different ambient temperature histories.

An actual printout of the statistical input data is shown in Table
V-3 to demonstrate the computer program format. Table V-4 gives the com-
plete set of variables (fixed and distributed) selected by the Monte Carlo
program for the first motor of the first pair. Table V-5 illustrates the
format for the printout of transient values for one SRM of the sample case
and also shows the propellant weight and initial and final seed numbers for
the configuration. The initial seed number may be used to repeat the
calculations for the configuration. The tabular output of motor pair
imbalance data shown at the bottom of Table V-5 may be omitted by proper
specification of IPO.

Figure V-1 through V-5 illustrate the graphical data which may be
obtained using the CalComp plotter. Any or all of the plots may be
omitted by proper choice of the NUMPLT(J) input array (See also IPO).
The figures are derived from the same initial seed number given in Table
V-5. .

Tables V-6 and V-7 illustrate the statistical analysis of the output
data that may be obtained from the program by use of the appropriate value
of IPO. Table V-6 is a facsimile of the computer output for 25 motor
pairs of the sample study and Table V-7 is a compilation of selected
statistical characteristics of 50 motor pairs. The latter was obtained
by separate calculations from three groups of data.

A histogram (Fig. V-6) of maximum thrust imbalances during
tailoff for the 50 motor pairs demonstrates that the program results are
- generally consistent with the type of behavior which would be expected. .
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TABLE V-4. PRINTOUT OF INPUT VARIABLES FOR ONE SRM FROM SAMPLE CASE

CONFJGURATION NUMBER 1

UPTIONS
1E0= 1
1P0= )
NUMPLT(J)= 00 0 0 O

PROPELLANT CHARACTERISTICS
" RHO= 0.063507

Al= 0.03665
Nl= 0.350
A2= 0.03667
N2= 0.350

. ALPHA= 0.0

BETA= 0.0

RUAL= 4.2852
CSTARN= 5.1632E 03
GAMN= 1.1414€ 00

BASIC MOTOR DIMENSIONS
L= 1367.23
TAU= 39.740
DE= 1.4575E 02
DTI= 5.4437€ 01
CTHETA= 0.0
ALFAN= 1.12%0€ Ol
LFaP=  1,7650F 02
XT= 3.0470E CO
20= 2.4142E 00
IC= 5.6571E-03
RUNDCN= 1.9500E-01
RONDCHz  2.5000E-02
RONDGN= 3.6000£~02
RONDGH= 2.0000E-02
EXN= 4.2001E=-02
EYN= 2.1001€-02
EXH= 3.9CO01E-02
EYH= -2.0999E-02
ALPHAN= 2.5200E 02
ALPHAH= 3.3120E 02

BASIC PERFORMANCE CONSTANTS
DELTAY=. 0.040
ii= 26
X0uT= 1000.00
DPUUT=  1CC00.00
ZETAF= 0.9600
TBs 122.2
ERREF= 0.00782
PREF= 560.00
DTREF= 57.285%
TGR= 59.9106
PIPK= 0.00150
CSTART= 0.0C00380
PTRAN= 0.0
CSTARP= 0.0057000
Ti6= 0.3906
GAMP= 0.0052700
TMAXQ= 60,000

GRAIN CONFIGURATION

INPUT= 2
GRAIN= 3
STAR= 2
NT= 0.
ORDER=z 1
Cop= 2

C.P. GRAIN GEOMETRY
DO= 143.067

Dl= 63.574
XT10= 0.120
S= 1.

THETAG= 10.19900
LGCI= 1135.91
LGNI= 51.14
THETCN= 0.0
THETCH= $C.00000

BASIC STAR GEOMETRY

NS= 1.
LGSI= 189.21
NP= 9.

RC=  71.527
FlLL= 2.006
NN= 0.

TRUNCATED STAR GEQOMETRY
RP=  12.005
RIS= 63.544
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OUTPUT VALUES FOR FINAL MOTOR PAIR AND STATISTICAL CHARACTER-

ISTICS OF TWENTY-FIVE MOTOR PATRS FROM THE SAMPLE STUDY.

TABLE V-6.
FMAX1=  3.5491E 04
FMIN1= -1.7347E 04
FMAX2=  2.0555E 05
FMIN2=  1.5032E 03
TDFTOl= 1.1066E 02
FWl= 2.0811E 06
DFTOl=  2.2095E 04
DFMQ=  6.6945E 03
AFMAX=  3.5419E 04
AFMAXT= 2.0555E 05
FDIFIG= 1.6448E 04
DIT= 8.6436E 05
DF100K= 2.8583E 04
STANDARD
STD. DEV.
AFMAX  0.1016E 05
TFMAX  0.3787E 02
AFMAXT  0.6072E 05
TFMAXT  0.5590E 00
DTW 0.1282E 00
FW1 0.4726E 04
FW2 0.5726E 04
DFW 0.2551E 04
DFTOl  0.6512E 04
TDFTOL  0.1291E 00
DTFO2  0.2757E 05
TDFIO2 0.1947E 00
DFMQ 0.2461E 04
FDIFIG 0.4574E 04
TDIFIG 0.1553E 00
DIT 0.4186E 06
ADIT 0.2386E 06
DF100K  0.8192E 04
T100K  0.1531E 00

MOTOR PAIR DATA

TFMX1=
TFMN1=
TFMX2=
TFMN2=
TDFT02=
FW2=
DFTO2=
TMAXQ=
TFMAX=
TFMAXT=
TDIFIG=
ADIT=
T100K=

1.0226E
8.0128E
1.1119E
1.2134E
1.1099E
2.0809E
1.1096E
6.0000E
1.0226E
1.1119E
2.2855E
8.7547E
1.1869E

02
00
02
02
02

06

05
02
02
02
00
05
02

DIW=
DFW=

DEVIATIONS AND MEANS FOR MOTOR PAIR DATA

MEAN

0.1952E
0.8279E
0.9811E
0.1114E
0.1761E
0.2079E
0.2076E
0.6369E
0.6369E
0.1107E
0.2961E
0.1109E
0.3679E
0.6234E
0.2233E
0.5927E
0.3585E
0.1228E
0.1186E

ALTERNATE DISPERSION VALUES
SIGMA 1

0.2200E
0.1154E

05
06

SIGMA 2

0.1556E
0.8159E

05
02
05
03
00
06
06
04
04
03
05
03
04
04
01
05
06
05
03

FOR THRUST IMBALANCE DATA

05
05

-115-
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TABLE V-7. SELECTED STATISTICAL CHARACTERISTICS OF FIFTY MOTOR

PAIRS FROM THE SAMPLE STUDY

STANDARD
PARAMETER MEAN DEVIATION
Absolute value of maximum thrust imbalance 19,620.40 9250.22
during web action time (AFMAX) 1bf. :
Time of AFMAX(TFMAX) sec. 83.89 36.59
Absolute value of maximum thrust 110,346.00 61,130.86
imbalance during tailoff
(AFMAXT) 1bf.
Time of AFMAXT (TFMAXT) sec. 111.60 0.93
Absolute value of the difference in time 0.20 0.14
at which the two motors of a pair begin
tailoff (DIW) sec.
Absolute value of the thrust imbalance 2954.46 3965.88
at input time of maximum dynamic
pressure (DFMQ) 1bf.
Algebraic value of the impulse imbalance -51,059.09 461,769.56
during tailoff (DIT) 1lbf-sec. :
Absolute valde of the area between the 406 ,400.00 237,49794
thrust-time traces of the pair during
tailoff (ADIT) lbf-sec.
Absolute value of thrust imbalance 8554.64 13,469.31
when last motor of pair reaches
100,000 1b. thrust during tailoff
(DF100K) lbf-sec. v
Time of DF100K (T100K) sec. 118.66 0.29
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VI. CONCLUDING REMARKS

A technique has been established for statistically investigating the
thrust imbalance of pairs of SRMs firing in parallel. The computer program
based upon the analysis permits the imbalance characteristics of a large
number of SRM pairs to be evaluated in a reasonably short time.

It remains to demonstrate the accuracy of the program by comparisons
of theoretical imbalance results with those from real SRM populations.
Preliminary investigations of this type were conducted during the program.
The results, although encouraging, are too incomplete to warrant reporting.
This 1s largely due to the difficulty encountered in obtaining specific
data to define confidently the statistical distributions of input variables
for past rocket motors. The necessary data is often incomplete or not
readily accessible.

Additional areas for extended effort include investigation of methods
for accounting for effects of radial, axial and circumferential temperature
gradient differences between motors of a pair and incorporation of between
pair variations of propellant characteristics into the analysis. Ability
to treat the between pair variations would improve the accuracy of the
program as a device for predicting the absolute performance characteristics
of SRMs. :

Finally, it is noted that a large number of improvements in the basic
accuracy of the simplified computer program presented in References 3, 4
and 5 have been incorporated into the program presented in this report.
Those using the earlier program may wish to adopt these improvements for

_the purpose of design and performance analysis of single rocket motors.
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