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VOLUME [
TECHNICAL DESCRIPTION

INTRODUCTION

L The Solid Propulsion Optimization Code (SPOC) performs detailed

: preliminary designs of a large variety of solid propellant rocket motors.
Dimensions of the propellant grai:., nozzle, and pressure vessel are
adjusted by the code, along with propellant formulation and burn rate, to
produce a motor design that meets perforimance requirements and satisfies

~._ design constraints and operating limits, and that has been optimized with
‘re\s{ect to a performance parameter selected by the user from a menu.

~This volume of the User's Manual - Volume I (Technical Description) -

gives the basis for the code computations, analytical developments, logic

flow charts used in verification checks, and error messages. Volume Il }
(User's Guide) contains the input and output dictionaries and their accom- I

panying illustrations, along with other input instructions needed to execute

the code. Volurne III (Program Description) contains the subioutine descriptions
and flow charts, cross-indices of common statements, subroutines and call
statements.

SPOC was prepared for use by a motor designer. The user/designer
controls the direction taken by the search through the inputs, Information
used in the code must ire provided by the designer, but no more is required
than what must already be accumulated in order to prepare a detailed pre- 3
liminary design---which is what this code will produce, It is not intended
that this code replace final detailed stress, thermal, and combustion sta- 3
bility analyses; it will monitor certain stress, thermal and stability param-
eters in the search for an cptimized design so that the final arrangement is
more likely to pass detailed analyses, SPOC will do no more, nor will it
do any less, tha: a good designer will do; but the code will do it much faster,
thus enabling the designer to examine more approaches and more combina-
tions than previous'!': possible,

The code is operational on an IBM 4341 and a CDC 6600 computer, and
the two versions are almost identical. Double precision staternents required
on the IBM computer have been deactivated in the CDC version, but they
remain in the code. Arc sin and Arc cos functions are ARSIN and ARCOS in oy
the IBM version, but are ASIN and ACOS in the CDC version; however, the ; ‘
latter can be kept for an IBM version if the H-extended compiler is employe?d. »
All coding is in FORTRAN IV language. .

There are 115 subroutines. No external devices (other than a printer)
are used. There is no overlaying of the code structure. Core storage
requirements ate 118K decimal words on the Thiokol IBM 4341 computer and
270K octal words on the AFRPL CDC 6600 computer.

9
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Execution time depends on the user and the problem, and so there is
no single representative time. About 8 seconds are required for a single
pass through the analysis routine for a minimum option short burn time
motor . About 19 seconds ar s needed for a problem that includes propellant
formulation adjustments, cost and propellant structural analyses, impulse
efficiency calculation and ballistic simulation at two temperatures. Typically,
300 to 500 calls to the analysis routine are needed to achieve an optimum
solution,

Five AFRPL-supplied sample problems have been successiully solved
with SPOC. These probliems demonstrated many of the features of the code.

Another aspect of the demonstration phase of this project was a briefing
for representives of propulsion and prime contractors held on 16 June 1981,
This final version of the User's Manual (three volumes) supersedes the draft
version distributed at that briefing.

Revisions made to the manual in the future will consist of added or
replacement pages, identified with revision leve! and effective date; the
oziginal page numbering system will be preserved. A revision cover sheet
will serve to transmit the changed/added pages and as a record of the changes.
Revisions to the code will be transmitted in the same manner if the changes
are not too extensive; a listing of the changed/added coding will be distributed.
More extensive changes will require electronic transmittal through the
AFRPL computer center.

10
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MOTOR AND PROBLEM DEFINITION

SPOC includes models for five propellant grain configurations, three

forward closure and two aft clomure arrangements, and six nozzle configura-
tions. Any combination of grai.., closure, and nozzle may be selected except
that a Type 4 grain (conocyl) may be used only with the Type 1 forward clorure

{ellipaoidal).

The analyeee performed hy SPOC are

Thermochemistry Pressure veasel structural
Ballistic Nozzle thermal and structural
Propellant structural Trajectory

Weight Combustion stability

Cost Impulaec efficiency

Flexibility has been providied for the nser/designer so that the code
may be tailored to cnable varied problems to be solved, These choicea are

described in the following paragraphs,

Propelliant Gra2in: choose one fromn thoase illustrated in Figure 1.

Type 1:
Type 2:
Type 3:
Type 4:
Type 5:

Star

Double web wagon wheel
Finocyl (slots in forward end)
Conocyl

Cylindrically perforated (CP)

Nozzle: choose one from those illustrated in Figure 2.

Type 1:
Type 2:
Type 3:
Type 4:

Type 5:
Type 6:

Lo e T A AR A S AL e v oy

Thin shell, composite structure as the insulating
ablative and support structure.

Thin shell support structure with insert and abla-
tive insulator.

One-piece eblative; supersonic blast tube; con-
stant diameter support atructure,

One-piece ablative; supersonic blast tube; reduced
diameter aft section,

Subsonic blast tube; without expansion cone,

Subsonic blast tube; with expansion cone.

11
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Forward Closure: choose one from those illustrated in Figure 3.

Type 1: Ellipsoidal
Type 2: Flat plate with closure secured with retaining ring
Type 3: Flat plate with closure integral with case

Aft Closure: choose one from those illustrated in Figure 4.

Type 1: Ellipsoidal

{ Type 2: None (aft closure formed by nozzle entrance
3 section)

Other choices that must be made to define the problem are:

1. A propellant formulation may be input and adjusted as
part of the optimization (FORMAD=T), in which case the thermochemistry :
routines Are entered every time the design is evaluated (except for some
internal by-passes to reduce execution time), Another option is to input a
formulation but not adjust it (FORMIN=T), in which sase the tharmochemis-
try routines are entered only for the first evaluation in order to obtain
bagic propellant charac teristics for the ballistic simulation, The third
option is for the user to input the appropriate ballistic parameters rather
than having the thermochemistry routines calculate them from a fcrmula-
tion (PROPIN=T). The proper combination of these three inputs is shown
below (all default to F),

MODE FORMAD FORMIN  PROPIN ’

(1) Formulation input and adjusted T F F ‘
during optimization

(2) Formulation input, but not F T F <3

adjusted i

[

(3) User supplies required F F T - ‘1

propellant characteristics : i

internally withthe AFRPL SPP "empizical model', or calculated with a
user-supplied model which must be installed in subroutine USEREF.
EFMDL-=T is the flag to show a user model has been supplied. SPPETA=T
is the flag to specify the SPP model.

2, Impulse efficiency may be input by the user, calculated . |
$
1

3. Propellant burn rate is calculated internally with the
Vielle model, or with a user-supplied model which he must install in sub-
routine USERRB, RBMDL=T is the flag to show a user model has been
supplied. ‘

14
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Elliposidal - Type 1 i
:
__ |
May be
Inhibited ~ &ttty
Flat Plate - Type 2 (Retaining Ring) 1
- Type 3 (Integral with Case) {
. 2
]
.
?

Figure 3, Forward Closure Configurations Available in SPOC Bt
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May be
Inhibit .

Lt

Ellipsoidal - Type 1

Lo

None - Type 2 (Formed by Nozsle)

-

Figure 4. Aft Closure Configurations Available in SPOC
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4. The propellant face on the forward end of a grain with a
Type 2 or Type 3 forward closure and on the aft face of a grain with either
a Type 1 or Type 2 aft closure may be inhibited through use of FWDINH=T

or AFTINH=T, respectively.

5. Ballistic simulations will be performed at both the low
temperature and high temperature conditions if different values are input
for THI and TLO. Propellant structural analiyeis is performed at a differ-
ent temperature (TPROP) than {s the low temperature ballistic simulation.
Pressure vessel structural analysis is performed at the high temperature
condition. If THI is input equal to TLO, only one ballistic simulation is
performed; propellant structural analysis is still parformed at TPROP, and
pressure vessel structural analysis is performed with the resulty of the
single-temperature ballistic simulation (i. e., pressure not adjusted to some
high temperature coudition).

6. The optimization routine will adjust user-specified param-
eters in order to meet all performance requirements and satisfy all design
constraints, In addition, the user may specify another parameter to be
optimized by setting ICHOZE to one of the following,

0: None (default value)

| Minimize cost

2: Minimize total motor weight

3: Maximize total impulse

4: Maximizse total impulse-to-total weight ratio
5: Maximize burnout velocity

7. There are 36 parameters (not all on one problem) whose
values can be adjusted by the optimization routine PATSH to achieve an
optimum design (Table 1). Each of these must be specified by the user us
"T'" (maintain at input value) or "F" (do not maintain at input value, but
adjust during pattern search), Default value is T (do not adjust).

8. A trajectory sirmulation (point mass, flat earth, ballistic
trajectory) will be performed if specified by the user (FTRAJ=T), If
ballistic simulations are performed at two temperatures (TLO and THI),
then trajectory sirnulations are performed with each of the resultant thrust-
tirne histories, In addition, the user must select a trajectory termination

‘option.

9. Motor cost will be calculated with the Tri-Services cost
model or with a user-supplied model. FCOST=T is the flag to specify the
Tri-Services model; CSTMDL is the flag to show a user-supplied model
has been provided.

10. Either a contoured or conical nozzle expansion section may
be specified (CONTUR=T or CONTUR=F, respectively). If a conical exit
section is selected, the initial half-angle of the expansion section (ALFA)

must be input equal to the exit half-angle (ALFAEX).
17
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11, Severul analyses are by-passed completel
user apecifies otherwise, pa pletely unless the

(a) Propellant atructural analysis (PSTRUC=T)
(b) Combustion stability (FSTAB=T)

(c) Trajectory simulation (FTRAJ=T)

(d) SPP impulse efficiency (SPPETA=T)

(e) Thermochemistry (FORMAD=T or FORMIN=T)
() Cost (FCOST=T)

TS MNP ST W rawe o e et

12, The user may provide models for certain
\ ' parameters that
‘artd used in the analyses, A flag is aet to show a user model has been
loaded jnto a specified subroutine (T= model has been supplied),

Load in

Flag Subroutiae Parameter to BRe Supplied

RBMDL USERRS Propellant burn rate, RATE (in/sec) ;

SEMDL USERSE Propellant nominal strain endurance, SENOM ]
(in/in) ]

EOMMDL USERRH Propellant rheological property to be defined ‘
by user, EOM (units by user) .

CSTMDL USERCS Mctor cost, COST ($ »r $/unit) b

EFMDL USEREF Impulse efficiency, ETAISP (% x 0. 01) ;

* RSPNSE Combustion response i

i .

*IRSPNS = £ in namelist STABIN

13, If a combustion stability analysis (Reference 7) is desired,
the user can select one of five combustion response models (one is user-
supplied) and can specify at how many modes stability margin is to be
calculated,. !
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COMPUTER CODE ARRANGEMENT

The computer code has an overall organisation similar to that shown
in Figure 5. There are three major subprograms (MAIN, COMP, and
PATSH), whose functions are listed on Figure 5. Filow through the program
will then be that of Figure 6. MAIN first reads and initializes various pa-

‘ rameters and prints a narrative summary of the nsroblem as defined by the
' user in subroutine CHECKIN. A call is then made to COMP for the first

' time in order to calculate performance of the motor with user-supplied
initial values. Initial values of penalties are also calculated (in COMP) and
3 all output is printed, after which the PRINT flag is turned off. MAIN then
i : calls PATSH to adjust specified parameters in order to minimize the payoff
parameter and penalties (described in detail in the PATSH module deacription
in another report section). Each time PATSH adjust one or more of the
specified parameters, COMP is called to calculate motor performance, payoff
and associated penaltiea. PATSH buiilds a pattern and makes adjustments to
minimize the OBJ function. When there is no further decrease in the payoff
and penaltiea, the PRINT flag is turned nn, COMP calculates the performance
with the last set of adjusted parameters, and results are printed.

Ry

The executive subroutine COMP sets up the user- or PATSH-supplied
inputs for the various analyses and simulations and passes the results of
early analyses to later calculations when they are nesded (Figure 7). For
the first pass through COMP, where all aralysis inputs are furnished by the
user, the inputs are read in the specific aubroutine to which the data applies. k
On all subsequent paases through COMP, the input data are either constant
at the user-input value or are updated according to the PATSH adjustments.
Write cornmands are also given within the individual subroutines.

The first call by COMP is to one of the grain dimension verification and
setup subroutines (SETUPI for Grain Type 1, SETUP2 for Grain Type 2, etc.); :
these subroutines verify the geometric validity of the incoming dimension set :
and calculates other dimensions needed by the ballistic simulation module,
Subroutine NOZINP is called to perform the same function for the noszle.

If the problem involves a propellant formulation, subroutine TCHEM is
. called next to perform thermochemical analyses; results of the calculations
are used in IMPEFF (impulse efficiency), SEC2SB (ballistic simulation),
"NOZL (nozzle thermal and structural analysis), and E488M2 (combustion
’ stability). Subroutine IMPEFTF is called next to furnish a value for impulse
efficiency, if specified by the user.
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s T SRR =~ - e
r CHEKIN
“ COMP
MAIN
il — PATSH Hcomp
- COMP
MAIN: Reads control inputs; initializes some parameters; controls
printout; calls search routine
COMP: Executive subroutine passes information between subroutines;
calculates some penalties and overal. objective function (OBJ);
provides printout
PATSH: Adjusts specified parameters; evaluates changes
in objective function (QOBJ)
CHEKIN: Checks compatibility of problem definition. Prints narrative

description of problem.

Figure 5. Overall Code Organization
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MAIN

START

I

READ INPUTS

i

SUBROUTINE
CHEKIN

RUN INITIAL ESTIMATED
DESIGN
PRINT RESULTS

L

|

SUBROUTINE
COMP

TURN OFF PRINT FLAG

I

PERFORM MINIMIZ ATION]“—-‘[

1

SUBROUTINE
DATSH

TURN ON PRINT FLAG

=

'

SUBROUTINE
COMP

RUN FINAL DESIGN
PRINT RESULTS

et

1

STOP

SUBROUTING.
COMP

Figure 6.
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Subroutines SEC1SB #.nd SEC2SB make up the ballistic simulation
module, The first time they are called, the input ballistic parameters
have been set up (in COMP) for a grain conditioned to high tamperature
conditions, When the ballistic simulation is complsted, subroutine
HITEMP uses the results to calculate certain performance paramecters and
operating conditions associated with high temperature motor operation (e. g.,
design pressures, minimum burn time, etc). The predicted values are
compared with user input limits and appropriate penalties are calcuiated.
Next COMP sets up ballistic parameters for a simulation with the grain
conditioned to low temperature, and then SEC1SB and SEC2SB are called
again. Results of the low temperature simulation are analyzed in sub-
routine LOTEMP for periormance parameters and operating conditions
associated with low temperature motor operation. If the user wants only 3
to study a problem via ballistic simulation at a single temperature, the
second simulation is skipped and resul ts of the first are analyzed (by ;
making THI = TLO) in subroutine ONETMP (that combines the calculations ]
of HITEMP and LOTEMP),

bl

" s

Once the results of the ballistic simulations(s) are available, nozzle
thermal and structural analyses are performed in subroutine NOZL,
pressure vessel structural au-lyses are performed in subroutine CASEAN, and
(if specified by the user) prope.lant structural analyses are performed in
subroutine PROPST. The user may also command a trajectory simulation,
Subroutine TRAJIN acts as a mini-executive subroutine to conirol the tra-
jectory simulations for a one-or two-temperature problem. Motor cost is
calculated in subroutine COST, and combustion stability characteristics are
determined in subroutine E488M2, if specified by the user.

WS
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OPTIMIZATION PROCESS

SPOC combines computer models for solid rocket motor per-
formance prediction and design analyses with a numerical parameter
optimization technique. As stated in Reference 1, this combination
requires an understanding of both areas, The following discussion was
taken from Reference 1 because approaches taken in the TACMOP and
SPOC codes are very similar, even though the codes have different end

objectives,

In order to eliminate misinterpretation, several terms used
throughout the remainder of the discussion are defined below:

Performance requirement - A measure of acceptable system
operation in accomplishing its intended purpose, For solid-propeilant
rocket m~'~rs, performance requirements typically include such items
as range, :locity, or payload delivered tc a specified end condition,

In SPOC, performance requirements are expressed as total impulse,
impulse-to-weight ratio, etc,, as well as the ultimate end-item require-
ments listed above; however, the trajectory simulation in SPOC is not
intended for complex maneuvering trajectories, and so SPOC &hould be
used in conjunction with more sophisticated trajectory simulations,

Design parameter - A length, angle, or material property used in
describing a particular design, such as propellant grain length, case
diameter, nozzle half angle, or propellant burning rate.

Design constraint - A limit imposed directly or indirectly on the
allowable values of a design parameter, such as maximum length, maxi-

mum nozzle divergence angle, maximum propellant web fraction, or
minimum port-to-throat area ratio,

Operating limit - A maximum or minimum acceptable level for a
condition prcduced by motor operation, such as maximwn acceleration,
minimmum pressure, or maximum velocity,

Payoff - The quantity selected #s the maximized or minimized
variable during the optimization process, such as maximum range., In
SPOC, corresponding payoffs are total impulse, motor weight, cost, etc.

26
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Penalty function - A function corresponding to a particular per-
formance requirement, design constraint, or operating limit, having
zero value when the requirement, constraint, or limit is satisfied by
the design being evaluated, and having a non-zero value proportional
to the amount of violation of the particular reguirement when it is not
satisfied,

Objective function - A single-valued function f-r a particular
design representing both the payoff value and any non-zero penalty
function values associated with that design,

The design problem consists of finding a set of design parameter
values that produce a system with maximum (or minimum) payoff, subject
to meeting all performance requirements, design constraints, and operat-
ing limits (i. e., all penalties non-zero).

Parameter Optimization Scheme

The optimization routine used in SPOC is the PATSH (Pattern
Search) subroutine developed by D, E. Whitney at the Maxsachusetts
Institute of Technology (Reference 2). This subroutine performs an uncon-
strained non-linear optimization with the direct pattern search algorithm

of Hooke and Jeeves (Reference 3) in a highly ccmpact FORTRAN subroutine.

This particular scheme has delivered good performance when compared with
other methods (References 4 and 5). Direct search methods operate on the
basis of always saving the most optimum point encountered as the new 'base
point", or point about which further searches are rnade.

The Hooke and Jeeves direct search is unconstrained in itaelf;
however as applied here the problem is constrained through the manner
in which the single-valued objective function is calculated. Limits on the
magnitude of the decision variables, as well as analytica. relationships
between the decision variables, are imposed through the use of individual
penalties,

PATSH operates by "moving" (adjusting) the decision variables

x'*1 . x' 4 (0.05)DEL) X

where 51 = current decision variable set
i+l new decision variable set

(<

DEL = step size multiplier

=




These are two results of moves. A successful move produces a reduction

in the objective function OBJ, A move is a failura when there is no reduc-

tion in OBJ., Moves can be accomplished in one of two ways., An explora-
: tory move consists of changing the value of only one decision variable and
evaluating OBJ, A pattern move occurs when values of all decision vari-
: ables are changed simultaneously according to the information derived
from exploratory moves, During a pattern move, each variable is changed
by an amount proportional to the difference between its valus at the current
base point and its value at the immediately preceeding base point.

The logic flow of PATSH is presented in Figure 8. PATSH i
begins the search by calling the computational program (subroutine COMP) E
with the initial user-supplied parameter set to establish the initial base
point; this produces an analysis identical to the first call to COMP by
MAIN, In the call to the computational package, PATSH sends the current
k parameter set to the package and receives back the objective function value
]

corresponding to that parameter set, After evaluation of the initial base ,
point, PATSH begins a series of exploratory moves, varying the value of ]
each parameter in the following systematic manner: ‘

(1) Vary the parameter in the positive direction by five percent
and evaluate the objective function., If the objective func-
tion decrzased in value from the base point, keep the param-
eter chiange, save the current total parameter set as the new
base point, and go to the next parameter. .

PR

(2) If the positive variation of the parameter did not resuit in a
reduction of the objective function, decrease the original
value of the parameter by five percent and evaluate the

‘ objective function, If the objective function decreases, ;
new base point is established; if not, reset the parameter
to its original value and go on to the next parameter,

If the preceding exploratory move for this parameter !

did not produce a reduction in objective function when the "
parameter was varied positively, but did when it was
varied negatively, then the next exploratory move tries the =
negative direction first (and then the positive if no improve- ‘ i
ment is seen). -

(3) When all parameters have been varied one at a time, either
a new base point will have been established, or the original
base point will be retained if none of the exploratory moves
resulted in an improvement, If an improvement has been
achieved, the exploratory moves have established a pattern -
change the first parameter positive, do not change the second
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parameter, change the third paramete negative, etc, -
from which a pattern move can be tak:a, A pattern ep

is one in which all parameters producing an improve: =nt
during the exploratory moves are varied simultaneous .

I no improvemant was obtained during the exploratory
moves (i. e., the previous base point has been retained),

the rtep size is reduced to one-half its current value and the
exploratory moves are repeated,

The pattern step may or may not produce a decrease in the objective
function over the current base point, PATSH does not immediately reject
a pattern move that results in an increase in the objective function, Each
pattern move is followed by another set of exploratory moves, using the
pattern move parameter set as the ''base' point. If none of these ei:pl')‘c-
atory moves provides a lower objective function value than the base poinat
value prior to the pattern move, the previous point is retained, and a set
of exoloratory moves is made about it. If this set does not produce a
re. ..ction in OBJ, the step size is reduced for a new set of exploratory
moves about the current base point. An improvement in the objective
“ ictior by any means (exploratory move or pattern move) is always
- tained as the new base point. The search is assumed to be converged

.2n, through repeated efforts to obtain improvements, the step size is

aced from its original value to the minimum value specified by user

input (DELMIN). Such a process may appear to be succeeding by failing
to achieve any better point; however, the final set of exploratory moves
clea iy demonstrates no improvernent in the objective function by per-
turbing all of the parameters in either direction. This is similar to evalu-
at . through a finite difference method, the first-order partial derivatives
of the objective function with respect to the design parameters. Any error
in obtaining an optimum would be contained within the minimum step size
used for the final exploratory moves.

When using numerical optimization techniques, there is always
concern over whether the true, or global, optimum has been reached, «r
whether a local optimum is the result. No guarantee exists that the solu-
tion is not a local optimum. The only way to gain a feeling of confidence
in the solution (if it is in doubt) is to use different starting points (i. e.,
different initial (user-supplied) parameter sets), and to determine whether
or not the sarne solution is reached each time. The possibility of local
optima is a function of the problem to be solved. Some problems with
highly complex constraints may have a number of local optima while many
problems have only one global optimum. Keep in mind that, even though the
solution may be suspected to be a local optimum, if all peonalties are
zero, then the solution is a valid design; some improvement in the payoff
parameter may be realized, and that can be determined only through start-
ing the search with a different input set,

30
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Performance Requirement, Design Constraint, and Operating Limit

Satiafaction

The optimization routine, PATSH, operates by minimizing a single-
valued objective function., This single value must reflect the pay-off
quantity (which is multiplied by -1 if maximisation is desired) and the
effectiveness of the design in meeting the performance requirements,
design constraints, and operating limits. This has been accomplished by
incorporating a penalty function scheme such that

Fy

[y B

oy = P +

e
]
—

where OBJ is the single-valued objective function minimized by PATSH, P
is the payoff quantity, and the F; are individual penalty functions for each
of the performance requirements, design constraints, and operating

limits (all of which are considered as coastraints on the optimiszation pro-
cess, and will be referred to as such for the remainder of this discussion).
Two basic types of constraints exist, inequality conatraints and equality
constraints. Each constraint can be expressed in one of the following
forms:

or

For example, a maximum acceleration constraint would be expressed as

= a -a
g, max max, req’

where a, ., is the maximum acceleration produced by the design being

evaluated and amay, req is the requirea maximum. Clearly, the constraint

is met when gg < 0, Similarly, » minimum burnout velocity constraint is
expressed as

=V

&v " VBo "~ V3RO, req

This constraint is met when gv 20, Finally, a requirement for cn exact
burn time would be expresaed as

Btg = tg - tB, req
i1
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and the conatraint would be satisfied when gtB = 0.

Penalty function values for the three examples given above would

he calculated as F

0 ’ 8“ 0
F, = ¢ ,
E k g‘ S‘, 8‘>°
0 . gv:O
3 F =
3 Vv 2 s <0
3 gv v. gv
0 g, =0
F = . tB
ts

2
g, Sy . 8 #0
tg “tp’ “tp

The Sa, Sy, and Sy are scale factors used to normalize constraint viola-
tion penalties to anqppropria.te level with respect to the payoff quantity.

The choice of this form for the penalty functions provides a penalty value
that can be scaled to relatively small values for minor violations with
rapidly increasing (second order) value for larger violations, Constraint
enforcement in this manner can be thought of as a ''aoft' constraint (i.e.,
minor violations are not totally excluded from the soluticn)., Certain limits
on design parameter values are enforced as "hard" conatraints. An attempt
by the optimizer routine to specify a design parameter value which violates
a "hard'" constraint results in the specified value being overridden with the
limiting value and the generation of a penalty function proportional to the
attempted violation. An example of a ''soft" constraint is the upper limit on
propellant web fraction, because a web fraction slightly greater thau the
limit may be acceptuble if it produces greater improvements elsewhere.

An example of a "hard' constraint is the length of one part of the motor,
because a length of less-than-zero is physically meaningless (and can be
computationally misleading).

Adjustable Variables

There are 36 variables in SPOC which may be adjusted by PATSH
to obtain an optimum design (Table 1), However, not all of the decision
variables can be adjusted in any one given problem because some are pecul-
iar to certain grain geometries. The decision variables fall into these
categories

o  Propellant grain cross-section dimensicns
o  Propellant giain lengths
- 32




0  Propellant ingredient relative weights
o Propellant ballistic characteristics (burn rate
g : and performance level, the latter as influenced by
! ingredient amcunts)
' : ¢ Noszsale dimensions
o Miscellansous (motor diemeter, caes cylindrical
wall thickness)

33
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PERFORMANCE REQUIREMENTS

The following performance parameters are driven toward user-
input requirements, Penalties are calculated for not meeting each require-
ments, Default values provided in the code prevent the penalties from
being activated uhless the user chooses to enforce the requirement. The
accompanying parenthatical expressions give the appropriate limit,

o

© O ©o o©o

(=]

Total impulae (lower three-sigma value at low
temperature)

Total motor weight (maximum nominal)

Ignition thrust (lower thres-sigms value at low temperature)
Ignition thrust (upper three-sigma value at high temperature)
Burn time (lower three-sigma value at high temperature)
Burn time (upper three-sigma value at low temperature)
Axial acceleration (maximum nominal at high temperature)

Change in velocity (minimum nominal value at low temper-
ature)

Time-to-target (maximum nominal value at low temperature)

Impact {or termination) velocity (minimum nominal value at
low temperature)

Those requirements that are shown above to apply to a particular
grain conditioning temperature condition can also be enforced with a one-
temperature problem,

34
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DESIGN CONSTRAINTS AND
OPERATING LIMILS

Design constraints and operating limits that are enforced in the
g SPOC are:

o Case, closure and nossle support thickness (sufficient
for maximum expected operating pressure plus safety
factor) .

¢ Case and noszle structure wall thickness (z manufacturing
limit)

sl i

o Noszsle ablative thickness (2 that r;‘i\:i;;a‘ for char,
ablation and thermal protection)

, o  Propellant strain margin of safety during low temperature
4 storage in both CP and valley sections of grain (2 0)

o Propellant strain at low temperature ignition pressuriza-
tion (£ input maximum)

o  Propellant web fraction (£ maximum based on design
experience)

o  Propellant thickness under propellant valley (; manu-
facturing limit)

o  Propellant total 10lids (between maximum and minimum 1
limits) :

o  Propsllant burn rate and pressure exponent (between
maximum and minimum limits)

0  Burn rate catalyst and fuel contents (£ maximum based
on experience)

o Combustion gas Mach number in port at low temperature ;
(nominal £ maximmum based on experience)

o Chamber pressure at high temperature (nominal £ maximum
based on experience)

o Geométr?gauy valid (compatible) propellent grain cross-
section dimenaione

o Lengths and thicknesses greater than sero

POV

35
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Motor dimensions (length £ maximum, nossle exit
diameter £ maximum, case aft opening radius = ncasle
entrance radius, noasle blast tube length and diameter =

requirement)
Geometrically valid (compatible) nossle dimensions

Longitudinal combustion stability
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PAYOFF PARAMETERS

The PAYOFF parameters from which the user can select one to be
minimized during any given machine submission are

o None

o  Total motor cost (minimize)

o  Total motor weight (minimize)

o Total impulse (maximize)(l)

o  Total impulse-to-total motor weight ratio (max.imize)(l)

o Burnout Velocity (mammiz'.e)(l )

[d

(_1) PATSH will minimize the product of minus one times the value of this
parameter, which produces a maximization of the parameters.
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LIMITATIONS AND ACCURACY

The purpose of this diecussion is to summarize some general limi-
tations of the code and to provide estimates of the accuracy of the results.

LIMIT ATIONS

Some limitations on the use of SPOC are inherent in the assumptions
employed during original development of the analysis and simulation
modules; these assumptions are given in the discussions of the individual
modules and their impact on a given problem solution is best left to the user,

Baesically, there are no restrictions m the size of the motor which
may be analyzed with SPOC. Small motors operating at high pressure could
possibly enter the regime where thin~wall pressure vessel equations should
be replaced by thick-wall relationships; it is up to the user ta recognize
this situation. The cylindrical section of a motor employing elliptical closures
(forward or aft, or both) cannot be reduced to zero length because of how the
grain geometry is described to the ballistic simulation module; the minimum
length attainable is between one and two grain web thicknesses. As for large
motors, there are no restrictions.

All volumes and concomitant weights are calculated from exact geo-
metric relationships; there are no internal empiricisms to estimate weighte,
Weights not amenable to direct calculation in an optimization code (e.g.,
igniter, safe-and-arm device, wings, etc.) are user-supplied values.

Of necessity, some of the analysis routines are somewhat simplified,
as would b e expected when operating in a preliminary design mode; how-
ever, all analysis routines are industry-accepted methods.

(a) Propellant strain is calculated under plane-strain conditions.
Thus end-effects and threeedimensional effects during abrupt configuration
changes are not acoounted for,

(b) Membrane stresses in the ellipsoidal pressure vessel closures
(Type 1) are calculated at the motor centerline which provides a satisfactory
estimate of the required closure thickness elsewhere. Bending stresses at
the closure-to-cylindrical shell junction are not considered.

(c) Bending at the closure-to-cylindrical shell junction is considered
for the Type 3 forward closure (that features a flat plate closure integral
with the cylindrical shell) as Iong as material response is elastic, Transe
itions between the cylindrical shell and the integral flat plate (i. e., radii or
gzadually increasing cylindrical wall thickness in the vicinity of the closurd
are not included in stress estimates or volume calculations.

(d) The user must input a heat-transfer coefficient for each of the
three nozzle ablative materials, which means that the coefficient is conatant
for all flow conditions to which a particular material is exposed.
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There are dimensional miamatches at case-to-clesure tangent points
and case-to-nozszle joints in order to allow the user complete flexibility
in choosing his motor arrangement and to make the computatione more
manageable; however, the results of these mismatches on predicted ballistic
performance and weights is thought to be minimal. Figure 9 shows the
potential mismatch between the liner inner surface at the closure-to.case
cylindrical section interface; there are two ways that this mismatch can

occur, and both are considered when the grain outer dimensions are established

for the ballistic simulation. Figure 10 shows the potential mismatch of

the pressure vessel outer surface at the closure-to-case cylindrical section
iaterface. The inner surfaces of the closure and cylindrical section exactly
match at the tangent point: Then the required closure thickness (TCLOF)
is calculated after the ballistic simulation, and the cylindrical section
thickness (TCASE) is a PATSH-adjusted parameter that eventually is satis-
factory for the maximum pressure. Thus the outer surface of the pressure
vessel could have a discontinuity at the tangent point. The thrust skirt is
also shown in Figure 10 to shew that its mating surface is the cylindrical
section outer surface. Obvieusly, the degrees of mismatch shown in
Figures 9 and 10 are greatly esaggerated for clarity; their effects on
weights is negligible.

Another mismatch that alwaye occurs is shown in Figure il. The
case opening radius (RNOZEN) always (eventually) is equal to the nozzle
entrance radius, so there i® no miematch there. However, the nozzle
ablative and structural support calculations are performed normal to the
internal surface, so that part of the nossle coincides with the case as shown
by the shaded area in Figure 1}; this ''duplication' of volume provides an
allowance for the nozzle attachment flange.

The trajectory simulation empldys a point-mass missile flying a
two-dimensional path in the altitude-range plane over a flat earth. Forces
modeled are réstricted to thrust, drag and weight (f.e., lift is always zero),
and angle of attack is always zero. The trajectory simulation is intended as
a supplementary evaluation tool (unless, of course, this model accurately
describes the problem under consideration).

A two-dimensional plarie-strain model is used to calculate propellant
strain due to low-temperature storage and ignition pressurization. Such a
model accurately describes the propellant behavior at a point mid-way
along the grain length when the grain length-to-diameter ratio (L/D) is
equal to or greater than about seven. For L/D<7, or for locations near the
grain terminations, the plane-strain models give very conservative pre-
dictions because the end effects (three-dimensional) that relieve the strain
are not accounted for in SPOC. Strains predicted for a propellant valley or
slot will also be conservative near the ends or for short slots.
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The propellant structural analysis is not conservative at the hinge
points of strese relief flaps and at the transition between propellant slots
and CP regions. Both of these areas represent highly three-dimensional
conditions that are not amenable to preliminary design calculations used in
SPOC. Cousequently, there is the inherent assumption that the bore con-
ditions are the critical lccations. Provisions have been made to include
volume and weight allowances for stress relief boots in ellipsoidal closures,
even though their final configuration is dependent on more detailed analyses.
The transition section between slots and cylindrical port may require a
special configuration to limit imposed strains; another way to achieve the
same results is to specify about 7 dejgrees as the angle on the side of the
slot (ALPHAI) of a finocyl grain (Type 3).

Thermal strain in the propellant due to low«temperature storage is
compared with design strain endurance (nominal strain endurance reduced
for mix-to-mix variations and aging degradation). Strain induced by igunition
pressurization is compared with a user-input maximum limit. This latter
limit should be derived from tests that measure strain capability at rapid
strain rate (to simulate ignition pressurization) on test specimens condi-
tioned to the design low temperature and already strained to the level
that will be induced by low temperature storage.

ACCURACY OF CODE

There are three levels of acauracy tc consider in the evaluation of a
computer code. First, the user must decide how well the mathematical
equations model the reality of a particular problem. Second is the compu-
tational accuracy, or how faithfully the programmer has carried out the
mathematical manipulations. Finally, and totally under the control of the
user, is the accuracy of the input data. Only the first two levels will be
discussed here.

Accuracy of the mathematical models is paramount in the overall
accuracy of a code., The several analysis and simulation modules are dis-
cussed separately in the following list:
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Module

Estimated Accuracy of Model

Ballistic simulation

Weight estimates
Propellant theoretical
characteristics
Combustion stability
Combustion efficiency

Motor costs

Trajector imulation

Propellant structural
analysis

Press.: ¢ vessel o e
tural analysis

13% total impulse
5% maximum pressure
General qualitative assessment based on experience

2%

General qualitative assessment based on experience

Essentially error free. Uses NASA.Lewis
thermochemical analysis (Reference 11).

Based on AFRPL Standard Stability Code
(Reference 19).

Based on AFRPL Sclid Propellant Prediction
Code (Reference 12).

Based on Tri-Services Rocket Motor Trade-off
Study for steel cases (Reference 18),

Estimated to be very high, provided the problem
is adequately described by the model. See
discussion above.

Strain calculation ''very accurate' in center of
motor with LD >7 (probably within 10%). For
location near ends of long motor or for L/D < 7,
calculated strains are conservative, with degree
of conservatism depending on problem.

Estimated to be conservative by approximately
15%.

The computational accuracy of the code is extremely high. Iteration
schemes in the ball!~tics simulation and grain subroutines require conver-

gence to within 0,0

wr less. The trajectory simulation uses an industry-

accepted techniqu.:. Thus it is felt that the mathematical models have .een

faithfully computed.
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MOTOR GEOMETRY

This section of Volume I provides more detailed discussion of the
motor geometry aspects of SPOC, as differentiated from descriptions of the
various analysis routines. As with much of the manual, some information
given here applies to other parts of tue code, and so there is some dupli-
cation.

The user me' choogse one from each of three forward closure arrange-
ments, two aft closare arrangements and six nozzle configurations to
describe the basic rnotor geometry. All of these, in any combination, may
be used with any of the five propellant grain configurations, except that a
conocyl grain can be employed only with an ellipsoidal (Type 1) forward
closure (simply because of the definition of a conocyl grain).

FORWARD CLOSURE

There are two basic forward closure arrangements: an ellipsoid and
a flat plate. The ellipsoidal closure is Type 1. The flat plate closure pro-
vides two types} one has the closure secured in the case by a separate
retaining ring (Type 2) and the other has the closure integral with the cylin-
drical portion of the case (Type 3).

Type 1 Forward Closure

The controlling interface between the Type 1 forward closure and
the cylindrical portion of the case is at the tangent point of the ellipsoid and
the cylinder on the inner surface of the pressure vessel (Figure 12); all
else derives from this. The semi-major axis is found from

B2F = RMOTOR - TCASE (1)

Then using the input ellipse ratio, the semi-minor axis of the controlling
interface surface is

A2F = B2F/BE1 A2F (2)
These two parameters then are used to define the Jemi-major and semie.minor

axes of other ellipsoids using input and calculated material thickness (see
Figure 12).
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AlIF = A2F + TCLOF (3)
A3F = A2F « TINFMX (4}
A4F = A3F « TSRBF (5)
ASF = A4F « TLNR (6)
BIF = B2F + TCLOF N
B3F = B2F - TINFMN (8)
B4F = B3F

BSF = B4F - TLNR (10)

It is assumed that the subsequent bodies thus described are ellipsoids, which
is not so mathematically, but in reality the diiference is very small for

any situation where the thickneases used in Eqs. (3) - (10) are small compared
with the semi-minor axis.

The thicknesses TINFMX, TSRBF, and TUNR are defined at the
igniter opening RIGN; however, to establish the ellipse parameters, these
thicknesses are assumed to act at the motor centerline. This approach does
not introduce significant error because the igniter opening is usually small
with respect to the motor sizes.

The closure thickness, TCLOF, is calculated after the ballistic simue
lation is performed so that the stress analyais may use the design pressure
for the current pass through COMP, The other ellipsoidal surfaces are
defined prior to the ballistic simnulation because they are needed to describe
the propellant outer surface in the closure for the ballistic simulation routine.
Radii (RECH) and concomitant lengths (HECH) measured forward from the
first plane that deacribes the propellant grain are internally calculated
(Figure 13), This first plane is positioned aft of the closure/case tangent
point a distance of TAUMXF, which is the maximum distance burned in any
given propellant grain.

It can be noted on Figure 13 that there is no attempt to achieve a
perfect blend at the tangent point between identical materials located in the
closure and in the cylindrical portion of the case, The liner inner surface

‘does not necessarily match at the tangent point, etc. The error in propellan®

and insulation volumes should be small for any reasonable combination of
input thicknesses, and the computation routine is greatly simolified.
Because of some rigidly enforced geometric rules in the ballistic simula«
tion routine, this mismatch of the liner inner surface makes a difference
where the first coordinate (RECH(1), HECH(1)) is placed {Figure 14).

The innermost surface of the propellant (e. g., the bore of a CP
grain) must intersect the liner inner surface on a Type 1 closure. There are

'no_ provisions for a forward opening larger than the propellant inner surface.

Thus the control input to inhibit burning surface in the forward closure
(FWDINH) has no meaning for a Type 1 closure, and so it is bypassed.
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Type 2 and Type 3 Forward Closures

Type 2 and Type 3 closures (Figure 15) are identical with regard to
the propellant-closure arrangement; they are differentiated only in how the
closure is secured in the case to form the pressure vessel. The coutrolling
interface between the Type 2 and Type 3 closures and the cylindrical portion
of the case is the outer edge of the flat plate, the inner surface of the case,
and the aft-facing surface of the flat plate.

The forward face of the propellant grain is always perpendicular to
the motor centerline; it can be inhibited (FWDINH a T) or not (FWDINH = F),
A space can be provided between the closure insulaticn and propellant with
the input LGAPF. The inputs to simulate a grain cast against and bonded
to the closure are LGAPF = 0 and FWDINH = T.

Although not shown in Figure 15, the liner and insulation under the
qrain extends forward across LGAPF until it contacts the clesure insulation,

The first plane describing the grain for the ballistic simulation is
positioned a distance TAUMXF aft of the forwar. propellant surface. Only
two radii and lengths are needed to describe the propellant forward of
Plane 1. HECH(1) and HECH(2) are equal to TAUMXF. RECH(1) is equal
to the propellant outside radius at Plane 1. If the forward propellant face
is inhibited, RECH(2) is zero; if it is not inhibited, RECH(2) is equal to
RECH(1).

AFT CLOSURE

There are two basic aft closure arrangements. Type 1l is an ellipsoid
with an opening for nozzle attachment; Type 2 causes the closure to be formed
by the entrance section of the nozzle.

Type 1 Aft Closure

The controlling interface between the Type 1 aft closure and the
cylindrical portion of the case is at the tangent point of the ellipsoid and the
cylinder on the inner surface of the pressure vessel (Figure 16, Definition
of ellipse parameters proceeds as with the ellipsoid forward closure with
one significant exception. The thicknesses TINAMX, TSRBA, and TLNR
are measured normal to the local surface at the nozzle-to-case interface,
RNOZEN; these are then uaed to establish the ellipses.

The closure thickness, TCLOA, is calculated after the ballistic
simulation is performed. The other ellipsoid surfaces are defined prior to
the ballistic simulation. Radii (RECN) and concomitant iengths (HECN) are
measured aft from the last plane that describes the propellant grain. This
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last plane is positioned forward oi the aftmost propellant surface a distance
of TAUMXA (Figure 17).

Note on Figure 17 that the axial length of the aft closure, LCLOA,
extends aft from the casc-to-closure tangent point to the interface of the
stress relief boot and the closure insulation, This point also serves as the
interface between the case and nozzle (at the radius RNOZEN).

As for the Type 1 forward closure, the mismatch between liner inner
surfaces of the case and closure is considered through the internal genera=
tion of appropriate radii and lengths (Figures 17 and 18).

Aft-facing burning surface perpendicular to the motor centerline is
formed when the aft case opening, RNOZEN, is larger than the innermost
surface of the propellant (e.g., the bore of a CP grain). This perpendicular
surface can be inhibited (AFTINH = T) or not (AFTINH = F),

Type 2 Aft Closure

An aft closure Type 2 is, in actuality, not a closure per se {Figure
19); instead the pressure vessel is closed by the entrance section of the
nozzle. There i# no specific controlling interface between the Type 2 aft
closure ard the case. The controlling interface with the nozzle is at the
outside propellant radius at Plane 14 (RFAl4). In other words, the case
"opening® for the nozzle, RNOZEN, is set equal to RFAl4. Length of the
aft closure is zero, which means that the nozzle is positioned at the pro-

pellant aft face.

The aft face of the grain is always perpendicular to the motor center-
line: it can be ichibited (AFTINH = T) or not (AFTINH = F). The last plane
describing the propellant grain for the ballistic simulation is positioned a
distance TAUMXA forward of the aft propellant surface. Only two radii and
lengths are needed to deacribe the propellant aft of Plane 14, HECN(1)
and HECN(2) are equal to TAUMXA., RECN(1) is equal to the propellant out-
side radius at Plane 14. If the aft propellant face is inhibited, RECN(2) is
zero; if there is no inhibiting, RECN(2) is ¢gual to RECN(1).

Thickness of the aft skirt ic TCASE for a Type 2 aft closure (for
purposes of skirt weight calculations). It was reasoned that for most appli-
cations with this aft end arrangement the skirt would be an extension of the

case.,

NOZZLE

Six nozzle configurations were identified for user selection (Figures
20 through 25). A review of recent designs (References 6 and 7) and

53

L it ot el 2

DR P




T T T d e s A R jﬂi.i%iﬁi!‘l!iiﬁ\«jﬁ s g o
ik " S ] X MR -

K

(Veg > p1v.Iu) 1 °GAL 9:nsold ¥y I0f 3mielaudwioN jadjno pue jemasyuy (LT SInEiL

100°
- ohoaH vi v
pa— 2 (SINDIH —
jotp— —{9)NDIH

. (SINDIH ——=

po——{Z)NDIH i

(INDIH ——

r
¥ !
lﬂ I g <.-K.I
(Z2INDITUN seed
vsa VR N 2X —o \ é
wowneu]
(INDTE » . /Hl —!uluﬂu
vEA VEX —e .
(¥)INDTY VIX ———nd vy
(NOTE 3 3 VEX A—|
VIA
?zuuu 2 ﬁ vex —=
NIZONY vIYOEX—"]
O T T T Pasmi e

sed13
Jo aeyue)

N

1 sunid
© WsH > pIvdd

54




et b

ig, 1 °dAl @anso1d 3y <0J anje|ouswioy ndinQO pue Leu.gajul ‘81 @anEi I

(ved 2 #1714

il

pa————————— (9})NDIH

100 °

+ VXWNAVI ————w

R (gIND3H

(c)NDTH
_.llizuuml —]
_ ﬁo..llzvzuwmll]

(FINDIH ————o

———

0°'C = VIX
Ise)
TOIFEINEU] OIIY
. UNjvmsul Teasaja]
ﬁ Eﬂw\ﬂmm -
(#)NDIA
V#X _
(e)NDE¥ {(1IND3Y yivay
_ VEA
(sINDIN
% NIZONY
_ L . 1 1
e SZONYX | ‘ =
— 51 PuwId — ved < FIVIY

vIaodx

Qrigiesod paz

e 4 it B R




TEPUED  ~ ¥ WS T e SN he e e em e s ———

7 odAl 9msolD WV 10J 9anje]dUIWON ‘61 @2xnd1 g

R T S

IdjoureTp ejvrzdoadde sv ndur ()
s3ndul 3w $YO0Iq U UMOUS suorsuauxiq (2)

jndjno ase 8I3Yyo
‘1 = HNILJV Jt pe31qrquy @>ej sl (1)

J = HNILJV F1 p931qIyul J0u

(ZIND3H
[ VINST] (UNDIH
f 00" 0+VXINAVL _
_ |
= ' w
b4
\‘
{ ILON -
HOIOWE] |
(UNDIY y1v.Id EI

* | |

¥
0 = (2INDJY l+

@)

¢ 3dAL IHNSOTD 1AV




mo ko - -~ aa iy . »
T S

[ @dA1 21zzZON 403 syndu]l JeuolsuawWl(d ‘02 2and1 g

7 "ON teirdIare 1elin3dndis = ZNS

I "ON 1eidsjeW [edmdndis = TS

¢ *oN terdate Sunensul = ¢NI

z *oN Teidsre Suijensul = ZNI
1 ‘ON ferdoieW Sunensul = TAI (g)
si9jawelp jerdidoidde se mduy (2)

jndjno

ade sIayjo yndur aie paurIapun I0 sxoo[q Ul umoys suorsusuntd (1)

EEvEv 4 zoNT
. N .w N EN1T NI ,
NS s / *
Nt L NIvITY]
@mm. & INY
ovyd M
k [NYEISX]
NNa&aNﬂHm'_ —' E 14V, 14 m
ﬁul (4OLOWYH) (INLN) o~ @ }

1 3dAL ATZZON




adAl @1zzoN 103 sindul [euoisudwii(d ‘{2z 24n314

coN TeldiaIeN [edn3dondis = TS

rd
1 ‘SN Ad—.uoudz ad.—duoshum = TNS
¢ ‘oN TerialeN gunyernsul = €NWI
2 *oN Te14912N gunyeinsul = ZWI
1 °ON Terd@ie guryernsul = NI (€
giajaurelp Ouﬂ.haoummd ge jndur  (2)
jndno

aae pauifiapun 10 $3001q Ul uMmoys guorsusunid (1)

saw siayjo ‘yndul

58

K

INY

iEh
| =

7 3dAL A1ZZON




TP ™ —
ik v i YT T Y AT .
) " T Ha e o sy I A .

¢ adAl 3[ZzON 40} s10du] (euorsuawtg 22 ?1n 4

‘§SYOL 03 398 Afjeusajur s1 ¢41SL ‘Z=TOLJAVIH

(1="1D21aVID 1 2dAI @anso[D PV 103 jndur-aasn 81 ¢41SL (%)
[ '©N terdareN 1ednidndis = [INS

[ ‘ON [erd2jeN Bunjeinsuy = INI (¢€)

sdajowerp @jerddoidde se indur  (2)

._ indjno ade saayjo {yndul axe §d01q U1 umoys suorsuaunid (1) |
: b
b
o
v
L]
|
ZON'T —] .
anmH b
INS P
(%) EEEE NI — > o
.\/ [ L " \
__ ‘ |
[XIVATYV ] |~
I _Zw<h1~<_
CE@i 2 _,
, o7 by
Lo
{2) - =T
¢ IdAL 3TZZON




e AR b i vt

§ od&A L 31zzoN 173 gjndu] [euorsulawIqg ‘gz 21314

2/%01dd = vOLdd (»)

{ ‘ON TetdareN 1esnjdond3S = NS
{ ‘ON rerdajeN Surjensul = (NI i¢)
gsi9jowelp 3j¢iidoidde se ndul  {2)

jndjno aie 8193Yjo ‘3ndut aae §}20[q Ul UMOYS gsuovsuawil ()

p— ZON'1

bt———————  ¥.LHT

AVI1 NAVAIV
XIVITY} 7 | Gwisn) 1 WS — ae
I A __ INI ™\
- — S S w
) AN i
- INAVJAIV

INY

EM B1Y]

|‘l _IE Iy — z/01€d ) IH i
() EOLEE]

¥ 3dAL ITZZON




AT o gy i

- T -~ Y &
il e BRI ey

¢ @dAl 21zzoN 403 syndu] [eucisuduiC] ‘pZ @4ns1 3

[ "ON Terdaje [ednjondis = NS

7 °ON Tewdaje Buneinsul = 7NI

[ "ON TewIajeN 3uneinsul = (NI (§g)
g81339welp ajerddoddde se ndur (2)

‘indjno ase sIayjo {Indul ade pauUI[IIPUN IO $HDO[q UT UMOYE SUOTSUAWI] {1
jon— ZON'1 >
= LdT —
IN3L
INS N -
©
NEH/ TNI
XAVAIY > “

INY i

u<4<p .
B

) F _ ]
_lg Elﬁ *f rlﬂhm m

2/018aG i

NM() AR
) (E5ZEH]

S 3dAL IT77DN




TN T TR 3 £ PITREITIIIT, T W o 3 T v T

T T Y B Y AT T

g adil a1zzoN 103 syrduj reuntsuawid -V AET VI

7 *oN Teida3eN fedn3dndis = ZNS
[ ‘ON 1etdazeN 1ednidndis = INS
¢ °‘oN Terdazel 3unjeinsul = £NI
7 *oN te1idrey Sunensul = ZWI
1 ‘ON rerd212N Suppernsul = [NI (€)
giajauwelp 2jeradoadde se nduy (7)
3ndino 3de 8I13Y3j0 [[® :3ndur ade PIaUI[IIPUN IO SHDO[q Ul UMOYS suotguaunrtg (1)

H

— ZON'T _—
XIVIIV) 7 | -~ — Id1 o N
ENI [LNa]) °
ENS NS
Nvﬁl/ m.«u:. ~
AN
ELL ™ 41 Ny
ovr | (v
bl | mm ] A \
TavLE (2) g~ EV |.— _.@%_
(JOLOWY)(MNLN) z/019d T4vA LY

3 AdA1 I TZZON

o Tl N T S Ty )




the CPlA Manual (Reference 8) indicates these configurations should describe
most applications for which SPOC is intended.

Noszsle Type 1 and Nozzle Type 2 (Figures 20 and 21) are basically
the same, except Type 2 provides for a one-plece throat insert in a conical
seat, Type 1l is more akin to all-plastic nozzles where low weight is impora
tant, although the computation routine allows any material to be used for
structural support., Nozzle Type 3 (Figure 22) is derived from smaller
tactical motors where the support structure is an extension of the case.
However, it is allowable to attach the Type 3 nozzle to Type ! aft closure.
Nozzle Type 4 (Figure 23) was established to provide rnissile equipment
volume around the outside of the nozsle and to have its throat located at
the forward end of the nozzle section. An identical external envelope is
found with Hozzle Type 5, but the nozele throat is located at the aft end of
the blast tube. Nozgle Type 6 still provides equipment volume at the aft end
of the motor, but now the envelope allows an exit cone to be attached to the
arrangement of the Type 5 noztzle.

All nozgle types have the option of either conical or contoured
expansion sections, In the former, inputs of ALFA = ALFAEX describes
the conical section to the nozzle routine, and a flag is set by the user
(CONTUR = F) as part of the motor definition inputs. The user sp-cifies a
contoured expansion section by CONTUR = T and ALFAEX < ALFA. When
a contoured section is specified, the code internally chooses either an
elliptical, hyperbolic or parabolic profile on the basis of minimum length,
Neither of these contours will be identical to one determined by precise gas
dynamic analyses, but the estimates of weights and lengths are sufficiently
accurate for the purpoaes of SPOC,

As described earlier, the nozzle entrance radius, RNl, is eventuallv
made equal to the aft case opening, RNOZEN; at the beginning of an optimi-
zation problem there may be points where RN1 and RNOZEN are not equal,
but n appropriate peualty is calculated to force them together.

LENGTHS

Motor length is summed as shown in Figures 26 and 27, These
two illustrations show a Type 5 (CP) grain, but the technique is consistent
for all grains, Individual lengths between Plane 1 and Plane 14 are unique
for a particular grain configuration. Length components forward of Plane 1
and aft of Plane 14 are identical for all grain configurations, as is the defin-
ition of LCASE.

Figure 28 illustrates the details of the case-nozzle interface for a
Type 1 aft closure and how reaultant lengths are defined. The nozzle entrance
is always placed at the junction of the streas relief boot and closure internal
insulation. Thus LCLOA is measured from that point forward to the case-
closure tangent point, and LNOZ is measured from that point aft to the nozzle
exit plane.
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ANALYSIS ROUTINES

This section of Volume I describes the analyses performed within
SPOC te deterinine how the design currently being proposed by PATSH
satisfies performance requirements, design constrainta and operatirg limits,
Propellant grain coufiguration dimensions are checked for geometric validicy
and are converted into the language of the ballistic simulation subprogram.
Propellant ingredient weight fractions are checked for compuatibility with
interacting limits, normalized to 100% total weight fraction and then sent tc
the thermochemical subprogram. There ballistic characterictics and
parameters for impulse efficiency and combustion stability predictions
are calculated. Impulse efficiency is predicted with the AFRPL Solid
Propulsion Prediction (SPP) code (Reference 12} and cornbustion stability
with the AFRPL Standard Stability Prediction (SSP) code (Reference 19},
A ballistic simulation is performed, including the effects of erosive buraning
and mass addition and using a geometricaily rigorous two-dimensional grain
regression technique. Once the ballistic simulation is completed, results
from it are used for pressure vessel and propellant structural analyses,
a trajectory simulation, cost estimate, and weight calculations, and com-
bustion stability prediction.

Some analyses are not performed urless specified by the user:
thermochemical, impulse efficiency, propellant structural, trajectory,
cost, and combustion stability. Even when the thermochemical analyses is
called, it is bypassed unless the pressure or the nozzle expansion has
changed at least 5% between the two previous analyses, or if propellant
formulation has changed.

Equations describing the variovus analyses are numbered within
each report section. All references are listed at the end of this volume,.
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BALLISTIC SIMULATION

The ballistic simulation routine requires inputs of the initial propel-
lant configuration, propellant ballistic and burning rate properties, nozzle
geometry and various control parameters, The primary computed outputs
are chamber pressure, thrust, mass flow rate, pressure-time integral,
impulse, and propellant weight at selected values of burning time.

;h The initial propellant geometry is described at a series of planes
(called "direc: input" planes) positioned along the grain in sccordance with

a pre-programmed scheme. Fourteen planes are used for all grain config-

,’ urations; they are located as shown in the {llustrations describing each con-
i figuration, Planes not showr on the illustrations are called "interpolated
input" planes because they are positioned equidistance between and their
dimensions are internally derived from the two adjacent '"direct input' planes,

The gas dynamic solution is based on the assumption of equilibrium
(i.e., rate of mass stored is negligible) at each time point. Other assump-
tions are:

a, Combustion products behave as perfect gases,
b, Flow processes are isentropic,
¢, Propellant burning surface regresses only in a radial

direction, except on the forwardefacing and aftefacing sur-
faces af the forward and aft grain terminations, respectively.

ETRPRN

d. Burning rate is calculated as each plane and varies
linearly between planes.
e. Ends of propelliant grain do not experience erosive
burning. i
1, All interpolations are linear,
g. Chamber is already filled and all of the initial burning

surface is ignited at the initial (time = zero) calculation.

h, Contribution of igniter mass flow to initial pressure
is ignored,

i. Two-phase mixture effects and other losses are accounted
for through an empirical impulse efficiency factor,

Operation is initiated with a solution for incremental burning surface |
areas and propellant volumes throughout the motor. Then a trial value of '
stagnation chamber pressure at the head-ond of the motor is assumed.
Based on the aspumed pressure, incremental values of burning rate, gas
flow rate, temperature, velocity, specific weight, and Mach number are
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calculated at the adjacent station in the downstream direction. These calcu-
lations include the effacts of both mass addition pressure drop and erosive
burning effects on propellant burning rate, This solution is repeated for
each successive station along the grain until a solution is obtained for gas
properties at the aft end of the grain, Gas discharge rate through the noz-
zle is computed from the nozzle end stagnation presaure, using the appro-
priate solution for either sonic or subsonic flow, The gas discharge rate
is then compared to the gas goneration rate., If these two values do not
agrec within & prescribed tolerance, the original trial value of haad-end
pressure is adjusted to a new value and the entire solution is repeated

until the required agreement is obtained, Motor thrust is then computed,
and all inputs are printed. Burning time is incrementally advanced and the
thickness burned at each plane is calculated, based on the respective burn-
ing rate values previously calculated. New inc:ernental values of burning
surface and volume are computed, and the entire ballistic analysis is
repeated, This process is continued until all of the propellant has been
consumed, or until a specified time or pressure level is obtained.

Ballistic simulations can be performed at either one or two grain
soak temperaturea, If simulations are run at two temperatures, results
at the high temperature are used to calculate

a, Upper three-sigma ignition thrust,

b, Lower three-sigma burn time,

C. Maximum head-end pressure,

4, Pressure vessel design pressures (MEOP, yield,
ultimate),

and results at the low temperature are used to calculate

a, Lower three-sigma total impulse

b, Lower three-sigma ignition thrust

c, Upper three-sigma burn time

d, Maxirmum port Mach number

e, Upper three-sigma ignition thrust for propellant structural
analyais

f. Burn time for nozzle thermal analysis

If a gimulation is run at only one temperature, all of the above ars calculated

at that single temperature,

Each grain configurstion has its own individual subroutine (SETUPI,
SETUPZ, etc.) that generates the initial propellant geometry description
from the fewest possible inpute, The different configurations are described
in detail in the following sectione, All grain subroutines use another sub-
routine (CLOS) that performs the same function for the different presaure
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vessel closure configurations that may be selected. In addition, CLOS cal-
culates the weights of inert components associated with the closures, as
does each of the "SETUP" routines for their respective grain configurations.
Propeliant surface regression and internal ballistics are calculated at four
stations in the clcsures, as shown on Figures 29 and 30,

Burning rate is calculated with the Vielle relationship

N (1)

RATE = (BRSF) (A) P*
The ucer supplies RB70 (the rate at 1000 psia, 70°F) and XN. The
code uses conventional temperature sensitivity coefficients to adjust the
coefficient "A'' to temperature extremes.

Erosive burning can be considered through selection of one of the
combinations shown on Table 2 (References 9 and 10).

Wken either the second or third options of Table 2 are selected, the
burn rate becomes

(BRSF)IA) PN (M/McRIT)*M (2)

RATE

or,

RATE MPEXP (3)

1

(MPCOEF)(MP)

where MP is the product of the local Mach number and static pressure.
The relation producing the largest burn rate at a given location and time
is used to calculate the internal gas dynamics (either Eq (1), (2), or (3)).

Nozzle throat ablation is modeled by

RE = (KREI)(PQN)KREZ (4)

where PON is the nozzle-end stagnation pressure. The nozzle thermal
snalysis subroutine also calculatea an ablation profile for the entire nozzle
internal surface, but that is not used in the ballistic simulation.

Impulse efficiency is a user input, or it may be estimated by the
subroutine IMPEF¥ which uses the AFRPL SPP "empirical" model (Reference
12), Certain inputs to the SPP impulse efficiency calculation must come
from a thermoechemistry analysies of a particular propellant formulation;
if a formulation is not input to the code, the user must supply values for
the specified parameters.
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TABLE 2

EROSIVE BURNING RATE COMBINATIONS

T g P,

AUTOEB MCRIT XM MPCOEF MPEXP Description
0.0 0.0 0.0 0.0 0.0 No erosive burning
0.0 X(‘) X X X Erosive burning with
user values for MCRIT,
XM, MPCOEF and
MPEXP
1,0 0.0 0.0 X X Erosive burning with

internally calculated
values for MCRIT and
XM (see Note (b) ) and
user values for
MPCOEF and MPEXP
(see Note (c) )

(a) ""X'" indicates user-input or default value,
(b) Saderholm model, Reference 9 and 10, MCRIT = Mach number corre-

spcading to 250 fps. XM calculated from the relationship,

0. 4948
o0 74) ]

XM= LO. 06768 (RATE

which is a curve fit to Saderholm data (XM » 0,0 and RATE = burn rate
without erosive burning, P = local static pressure, when local Mach

number 5 MCRIT.

(¢) Default values MPCOEF = 0. 0093 and MPEXP = 0, 71.
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Nozsie divergence loss is calculated according to
ALFA + ALFAEX)]

LAMDA .=1.COS 2 J (5)
} where
ALFA = Half-angle (deg) at entrance to nozzle expansion
section
ALFAEX = Half-angle (deg) at exit of nozzle expansion
section

This term LAMDA is included in the calculation of thrust coefficient within
the ballistic simulation module, unless the SPP impulse efficiency option is
selected. Because SPP efficiency includes divergence losses, LAMDA

i per Eq (5) is internally set equal to 1,0,

3 Certain other gas dynamic parameters may bhe input by the user or
calculated internally if a propellant formulation is supplied.

The ballistic simulation uses inputa from the following namelists:

a. BALLST

b. GRAIN x (x=1,...5)

C. NOZGCEC

d. INGAMT (if thermochemical analysis performed)
e. Card that names ingredients

Adds a2

o sz
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PROPELLANT GRAIN CONFIGURATIONS

Basic describing dimensions for the propellant grains are furnished
by the user, who can then specify that certain cf them be adjusted by PATSH
during the optimization process. Regression of the burning surface is
mathematically exact, and that means that the dimensions furnished to the
ballistic simulation module must obey strict rules. If the rules are not
obeyed, the burning surface regression cannot proceed and the run is aborted.
Abnormal terminations are unwanted in a pattern search optimization proccss.

Therefore, a subroutine was formulated for each of the different grain
configurations to:

(a) check the geometric validity of the incoming dimension set,

(b) adjust c-rtain dimensions to obtain geometric validity (if
required), and calculate associated penalties

(c) derive from the incoming dimensions those other dimensions
required by the ballistic simulation module

(d) compare the dimensions with design constraints

(e) calculate volume and weights of inert components associated
with the cylindrical portion of the pressure vessel

(f) calculate grain dimensions that are needed in subsequent
analyses

The grain geometries are described in the ballistic simulation
routine by a series of planes oriented perpendicular to the inotor centerline ;
and positioned along the length of the grain at appropriate locations, Four-
teen planes are used to describe all grains. Some are located where there
are chauges in either the internal or external configuration of the propellant;
these are knowh as ''direct input’! planes, and it is their dimension sets
i that are treated in the aforementioned geometric validation analysis, The E
re.naining planes are located equidistance between adjacent "direct input" ;
planes; they are known as "interpolated inputs'' because their dimensions
are derived from linear interpolations from the adjacent direct input planes. 1
The planes that are indicated on the illustrations accompanying this dis-
cussion are the direct input planes established for each of the grain con-
figurations.

Each grain type has its own particular arrangement of internal
insulation. Details of the insulation are given in Volume II of this Manual
and will not be repeated here.

Dimenaions that can be adjusted during the optimization process

are discussed in detail in subsequent paragraphs. The capabilities for
adjustment are not the same for all the grains.
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(a) Lengths of the various grain segments can be adjusted for all
grains during the Jptimization proceas.

{(b) For the Type 1 (Star) grein, all major dimensions describing
the cross-section are either held constant at the initial input,
or they are all varied during the optimization process.

(c) For the Type 2 (Wagon Wheel) grain, all dimensions deacribing
the cross-section are either held conatant at the iritial input, or
they are all varied during the optimization process.

(d) For the Type 3 (finocyl) grain, the major dimensions describing
the cross-section can be individually held constant or allowed
to vary during the optimization procees.

(e) For the Type 4 (conocyl) grain, the major dimensions describing
the cross-section can be individually held constant or allowed
to vary during the optimization process.

(f) For the Type 5 (CP) grain, the dimensions describing the
cross-section can be individually held constant or allowed
to vary during the optimization process.

Basic arrangements of the closures are ellipsoidal and {lat plate.
Either of these arrangements can be used with any of the five grain configur-
ations except that the Type 4 (conocyl) grain can be used only with the
Type 1 (ellipsoidal) forward closure; this is because the definition of a conceyl
grain positions the slot adjacent to the forward closure and the geometric
grain regression routine was established for this arrangement.

Otherwise, the treatment of the closures is the same far all grains,
The illustrations giving the plane locations show that any variation in grain
dimensions along the length of the motor (e.g. port radius, star height)
does not continue forward of Plane.l or aft of Plane 14, In other words, the
configuration that exists at Plane 14 is "projected' into the aft closure, even
though in the actual motor the variation in port radius (for example) would
probably continue until the end of the grain in the aft closure. This technique
slightly overpredicts the volume of propellant. However, Plane ! and
Plane 14 are positioned only a short distance of TAUMXF and TAUMXA,
regpectively, from the grain ends where TAUMXF and TAUMXA are tne
maximum distances burned at Plane 1 and Plane 14, respectively.

Type 1 (Star) Grain

Type 1 grain is a standard star configuration (Figure 31). Loca-
tions of direct input planes are shown in Figures 32 and 33 for the two
closure types. Dimensions shown in blocks on Figure 31 are for Plane 1,
which are held constant to Plane 7; then the height of the star tip tapers
from LSAI at Plane 7 to LSAl4 at Plane 14. All other dimensions are
constant from Plane 7 to Plane 14.
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Notes

(1) Line AB is perpendicular to Line AC.
{2) Dimensions in blocks are input; others are output

Figure 31. Type 1 (Star) Grain Configuration
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Subroutine SETUP! performs the validation checks described ahove
for the Type 1 grain. The logic flow for the cross-section dimension

checking is shown in Figure 34.

i RFAl

! R2Al
THETA

WFLIM

TAUW!
LSsal
R5Al
ALPHAI

0< WFLIM< 1.0

: There are two categories of defining variables. First are those
that are fixed {insofar as SETUPI is concerned) and are never adjusted. 1If
these data are found to be unacceptable, the run is terminated with an
appropriate message.

Propellant outside radius. Is actually
adjusted through changes in motor diameter
and case thickness, but SETUP! has no
control over these.

User-selected input

180/NSLOTS. See Figure 31.

Minimum clearance between adjacent

star tips

User-selected input of maximum allowable
web fraction

Second are those dimensions that are varied by PATSH during the optimi-
zation process. If these data are found to be unacceptable, they are adjusted
in accordance with a hierarchy described below.

Web thickness

Star point height above web

Fillet radius between star point and web
Included half-angle of star point

The first group of tests involve the fixed inputs.

RFAl >0 (1)
R2A1 20 (2)
THETA >0 (3)
W20

(R2A1 + W/2) € (RFA1)Sin(THETA) (4)

(5)

Failure of any of the above tests results in a run termination,
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The second group of tests are:

0 £ TAUW! € (WFLIM)(RFAl) {6)
R2A1l £ LSAl € LSMAX (7
where LSMAX = RFAl - TAUW1 + R24l - (R2Al + W/2)/Sin(THETA) (8)

Failure of Eq. (6) causes TAUWI to be set to the limit. Failure of Eq. (7}
causes LSALl to be set to the limit, Penalties are calculated in both
instances.

At thia point, only ALPHAI and R5A1 of the four adjustable variables
remain to be tested. The third group of tests is concerned with ALPHAL.
The decision logic is shown on Figure 35, The variable LSSTAR is the
maximum star tip height possible when ALPHAl = THETA, for the situation
where RFAl Cos (THETA) < (RFAl - TAUWI]) and RFAl, TAUWI1, R2Al
and THETA have been previously accepted (Figure 36). The following
possibilities can exist:

If LSAl> LSSTAR Maximum ALPHA] must be less
than THETA

If LSA! = LSSTAR Maximum ALPHAI equals THETA
and R5A1 is unique at input value

If LSAl < LSSTAR Maximum ALPHAI equals THETA
and multiple solutions exist for
RFAl

When J.SA is greater than LSSTAR (the only situation where maximum
ALPHAL # THETA), maximum ALPHAI is determined from the criteria
shown on Figure 37. Note from Figure 35 that minimum ALPHAL is
always zero, If ALPHAIL in the current dimension set is less than zero or
greater than maximum ALPHAI, it is set to the limit and an appropriate
penalty calculated.

The fourth group of tests is concerned with R5A1, the last dimension
needed to define the cross-section geometry. A portion of the R5A1 logic
diagram is given in Figure 38. The first step is to solve for the angle
AFSTAR (Figure 39), where R5AI can be zero, subject to the criteria
shown on Figure 39. Thus,

ALPHAl £ AFSTAR Minimum R5Al = 0
ALPHA]1 > AFSTAR Minimum R5A1 > 0

Therefore, the next step is to determin. minimum R5A1 when

ALPHAl > AFSTAR, and it is shown in Figure 40, The final step of this
group of tests is to determine maximum R5A1., The solution for maximum
R5A1 depends on the regime in which ALPHAL is located; this regime is
defined by the angle DELTA, which is shown on Figure 41, DELTA
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IF RFAlcos(THETA}T {RFAl - TAUW]) '"F RFAl cos (THETA) 2
{RFAl - TAUW1)

SOLVE FOR LSSTAR (SEE FIGURE 006)

- —]
IF LSAl > LLSSTAR IF LLSAl € LLSSTAR

| L
SOLVE FOR MAX ALPHAI MAX ALPHAl = THETA
(SEE FIGURE 007) MIN ALPHAL> = 0,0

MIN ALPHAL =0.0

|

FORCE ALPHA] TC LIE WITHIN RANGE SHOWN
MIN ALPHA € ALPHAIl €< MAX ALPHAI

Figure 35. Testing of ALPHAL for Type 1 Grain
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RFA1Cos(THETA)

THETA

LSSTAR
ALPHAIL = THETA i
TAUW1 i !
Figure 36. Definition of LSSTAR, Type 1 Grain ‘ :
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Limiting Criteria:

A line from the center of R5A1 (which is Point A)
and perpendicular to line BD must not intersect
line CE at a point further from Point C than
Point E.

Subject to: RFAl, TAUWI1, THETA, R2Al, LSAl already accepted

RFAl

Figure 37. Definition of Maximum ALPFAl when LSAl > LSSTAR, Type 1 Grain

MAX ALPHALI
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SOLVE FOR AFSTAR
(SEE FIGURE 39)

I

IF ALPHA]l < AFSTAR
MIN R5A1=0

-

IF ALPHALl > AFSTAR

SOLVE FOR MIN R5A1
(SEE FIGURE 40)

! ]
IF R5A1 € MIN R5A1 IF R5A1 = MIN R5A1 IF R5A1> MIN R3A!
RESET R5Al
TO EQUAL MIN R5A1 GO TO SOLUTION FOR
R5MAX
DATA HAS PASSED
INPUT CHECKS
Figure 38. Logic Diagram for AFSTAR, Type 1 Grain

87




Limiting Criteria: A line from Point B and Perpendicular to line AB
cannot intersect line CAD at a point further from
Point C than Point D

Subject to: RFAl, TAUW], THETA, R2Al, LSAl already accepted

Figure 39. Definition of AFSTAR, Type ] Grain
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Limiting Criteria: A line from the center of R5Al (which is Point A)
and perpendicular to line BE must not intersect
Tine CD at a point further from Point C than
Point D.

R cob e

... N

TAUWI

MIN R5A1

Figure 40. Minimum RFAl when ALPHALl > AFSTAR, Type 1 Grain !
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(A) ALPHA > DELTA

//\ TANGENT

R2ZAlL

TANGENT

RFAl

R2A1
MAX A
(®) ALPHA = DELTA R5A1
TAUW] LSAl
ALPHA =
DELTA
=\ D
TANGENT )
E
\ THETA

ALPHAI

THETA

Figure 41. Definithen ¢f DELTA, Type 1 Grain
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{illustrated in part B of Figure 41) is the unique value of ALLPHA1 at which
the center of R5A1 radius lies on the line DE and a line tangent to the

R2Al and R5A1 arcs is perpendicular to a line connecting their centers.

For ALPHALl > DELTA, (part A of Figure 41), the center of R5A1 radius
lies ot the line DE, but a line connecting the centers of R2A1l and R5Al is
not perpendicular to a lire tangent to the R2ZAl and R5A1 arcs. For

ALPHA €DELTA (part C of Figure 41), the center of R5A% radius lies
inside line DE, and a line tangent to the R2Al and R5Al arcs is perpendicular
to a line connecting their centers., A testis made to determine in which
regime ALPHALI is located, and appropriate geometric relationships are
solved to find maximum R5A1. Then, the final test-is to insure that

R5S5MIN € R5A1 € RSMAX. If R5A1 is outside the limits, it is set to the limits
and a penalty is calculated.

Now that all dimensions for Plane 1 are acceptable, star point height
at Plane 14 (LSAl4) is tested to insure R2A1 € 1LSA14 S LSAl, where K2A!
is the same minimum height requirement at Plane 1.

The final tasks of subroutine SETUPI are to insure that grain
lengths are greater than zero, calculate inert weights, calculate data for
use in propellant structural analysis, translate the grain dimensions into
language required by the ballistic simulation module, and other miscellaneous
tasks. The dimension L3 (Figure 42) is derived for use in propellant struc-
tural analysis, through the following expression;

LITD = (L3 +R5)2) (9)

so that LITD becomes the distance across the propellant valley, The distance
T max shown on Figure 42 is the maximum distance burned for the star grain
and ie used to establish the positions of the first and last planes (that describe
the grain to the ballistic simulation module) with respect to the forward and

aft closures (e.g., see Figure 26).
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Type 2 (Wagon Wheel) Grain

Lan

Type 2 grain is a double-web wagon-wheel configuration (Figure
43). Locatiors of direct input planes are shown in Figures 44 and 45 for the
two closure types, Dimensions shown in blocks on Figure 43 a.e for Plane
1, which are held constant to Plane 7; then, the height of the star point can
taper from LSAl at Plane 7 to LSAl4 at Flane 14, All other dimeneions are
constant from Plane 7 to Plane 14 as long as they are geometrically compatible
with the reduced LSAl4. Basic dimensions describing the grain cross-section :
(TAUW1, LSAl, R5Al) can all be varied during the optimization process, i’
or they all may be held constant at the initial input.

Subroutine SETUPZ2 performs the validation checks described above
for the Type 2 grain, The logic flow for the cross-section dimension check-
ing is shown in Figure 46 for all variaoles being adjusted and in Figure 47
for all variables held constant, Although two different flow charts are shown,
the two routines have been merged in the codz,

There are four categories of defining variables, First are those that
are fixed (insofar as SETUPZ is concerned) and are never adjusted. If these
data are found unacceptable, the run is terminated with an appropriate mes-

sage,

o oo

RFAl S O Propellant outside radius, Is actually
adjusted through motor diameter and
case thickness, but SETUPZ has no
control over these,

THETA > 0 180/NSLOTS

WOZMIN > 0 Half the minimum clearance between
adjacent star points

e il st Vi

Second are those input data that are accepred if poasible, but SETUP2
wiil adjust them if required to avoid a vua termination. 3

WrLIM User-selected input of maximum
allowable web fraction,

This input is accopted if possible, If not, it is adjusted to be compatible
with the remaining dimensions in order to prevent run tarmination, It is
reset to the appropriate values with no penalties being calculated, A
geomeirically marimum possible web fraction (independent of the user input)
exists when TAUWI increases to the point where R5A1 is driven to zero and
WO2Z is equal to WOZMIN (Figure 48); this condition resuits when the length ‘
LC (shown in Figure 43) is zero, At this condition, web thickness TAUWI '

is t.e largest pnssible and L

P R R O e S

(I)TAUMAX shown in Figure 48 is not the maximum distance burned used to
pouition ballistic planes; the latter has the same definition as in Figure 42,

93 .

e I e T SV ARSI PRI L S

C g




T " ™ Gl ,mwm‘-\vw‘-;lr:',_ - QR —_

Line AB Bisects Angle ANGLE
AL1lAl always equals THETA

[wozmN]

R2Al WO2MIN = minimun: i
allowable value of WO2

RFAl

Nl e bl ) bt i

[fauwl

s AR

THETA = —
180/ IE.’EICTSI

Figure 43, Type 2 (Wagon Wheel) Grain Configuration
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Maximum Web Thickness TAUMAX For Wagon Wheel
(Type 2) Grain
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P2

TAUMAX
RFAl

WFLIM is reset to WFMAX, or held at its input value, whichever is smaller,

WFMAX = (9

Third are the variables adjusted by PATSH during the optimization
process, These data are ancepted as input, if possible; but, if they are not
geometrically accepiable, they are reset to appropriate limits and penalties
are calculated,

TAUW1 Wei thickness at Plane 1

LSAl Star-point height above web at Plane 1

R5A1 Fillet radius between star point and
wep at Plane 1

Rz2Al Corner radius at top of star point

The fourth and final category contains those dimensions that are
calculatel in SETUPZ for transmittal to the bailistic simulation module.
They are based on all other dimensions,

LA Length cf star point (See Figure 43)

ALlAl Included half-angle on ater point (See
Figure 43) at Plane !}

The first step in the dimension check is to test RFAl, THETA, and
WQOZMIN ae shown above, If these tests are passed, WQZ2 is set equal to
WO2ZMIN and TAUMAX (as defined in Figure 48} is found, Knowing TAUMAX,
the maximum web fraction WFMAX is found from Eq (9) and compared to the
input WFLIM, WFLIM is set equal to WFMAX if the latter is emaller than
the input value., Next, web thickness TAUWI is forced to be within the range

0 s TAUW]1 < (WFLIM){(RFAl)

If PATSH has adjusted TAUW]1 outside these limits, TAUW] is reset to the
limit and a penalty calculated,

The maximum possible corner radius R2Al is TAUW! in order to
maintain the star point with the same web thickness as TAUWI1, So the next
test is

0 < RZAl = TAUWI

If PATSH has adjusted RZA] outside these iimits, RZAl is reset to the limit
and & penalty calculated,
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The fourth step is to solve for the length L4 (shown in Figure 43).

TAUWI] - R2Al
LA = 10
tan (THETA) (10

Note that when R2ZAl = TAUWI], LA =0,

Now that R2Al and TAUW1 are acceptable (or have been reset to
acceptable values), WO2 is made equal to WO2ZMIN so that the maximum pos-
sible star point height (LSMAX) can be calculated (see Figure 49), The
minimum possible star point height (LSMIN) is also ralculated (see Figure
50); LSMIN nccurs for a given TAUW] when R5Al and 1.C are zeruv. Then
the incoming star point height (ILSA1l) is forced to be within the range

LSMIN £ LSAl < LSMAX

If PATSH has adjusted LSA] outside these limits, LLSA)l is reset to the limit
and a penalty is calculated,

The final test is to asaure that the fillet radius R5A) is between
maximum and minimum limits that are determined from the particular
dimensional combination. Minimum R5Al is zero; although amall radii
are critical, strains calculated in the propellant structural analysis will
serve to limit the minimum fillet radius, Maximum R5Al can be established :
by one of two situations, The center of the rudius R5 must lie within the pie- t
shaped segment of symmetry or on its boundary, In the first situation (Figure
51), R&MAX occurs when the length LLC equals zero and the center of RS is
within the segment of symmetry, In the second situation (Figure 52), the
center of RS ia on the boundary of the segment of symmetry and LC # 0,
Whichever situation prevails, R5Al is forced to lie within the range

]

0 s R5A1 < R5MAX

If PATSH has adjusted R5A1 outside these limita, R5A1 is reset to the limit
and a penalty is calculated.
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TAUWI]
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Figure 49. Maximum Star Point Height For Wagon Wheel (Type 2)
Grain
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WOLZMAX

t RFA!

TAUWI

Figure 50. Minimum Star Point Height for Wagon Wheel
(Type 2) Grain
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Figure 51. R5MAX Within Symmetry Segment (Type 2 Grain)
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Figure 52. R5MAX On Boundary of Symmetry Segment (Type 2

Crain)
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Now that all dimensions for Plane 1 are acceptable, star-point height
at Plane 14 (1.SA14) is tested to insure ILSMIN £ LLSA14 £ LSAl. If LSAl4 is
anything other than 1LSAl, the checks described above for 1.8A] are per-
formed again for 1.5A14, and R5A14 (different from R5A1) is calculated, if
necessary,

The final tasks of subroutine SETUPZ2 are to insure that grain lengths
are greater than zero, calculate inert weights, calculate data for use in pro-
pellant structural analysis, translate the grain dimensions into language
required by the balliatic simulation module, and perform other miscellaneous
tasks.

Type 3 (Finocyl) Grain

Type 3 grain is 2 finocyl configuration (Figure 53) with the longi-
tudinal slots located in the forward end of the grain, Locations of direct
input planes are shown in Figures 54 and 55 for the two closure types.
Dimensions shown in blocks on Figure 53 are for Plane 1, which are held
constant to Plane 4. Between Plane 4 and Plane 7, the slot depth radius R5
decreases until at Plane 7 it equals the bore radius R2. Slot fillet radii at
Planes 5 and 6 (R4A5 and R4A6) are calculated internally to be tangent to the
slot sides formed by angle ALPHAL. The circular port radius (R21) is held
constant between Planes 7/8 and 10/11, and then it can expand at Plane 14 to
control gas velocity.

The dimensions varied by PATSH during the optimization process
are R5A1, R4A), R2A1l, and R2Al4. Subroutine SETUP3 performs the
validation checks. The logic flow for the cross-section dimension checking
is shown in Figure 56,

A restriction on the minimum size of the bore radius R2Al is a user-
input of RIGN, that provides a clearance for the igniter and gas flow passage
around it. The slot fillet radius R4A1 hzs a lower limit R4MIN aiso supplied
by the user. An indirect restriction on the minimum R4Al is the strain
level calculated in the propellant structural analysis (which is then compared
to an allowable strain). The user also supplies a MINWEB dimension .which
sets the maximum R4A1l for a given RFAl, The minimum R5A1 is R2Al plus
R4A1l. The slot side angle ALPHAI is constant at the user input value, but
it is compared with ALPHMX for every incoming dimension set; if ALPHAI
> ALPHMX, it is set equal to ALPHMX for the current dimension set. It is
then reset back to input ALPHAI for the next dimension set.

Type 4 (Conocyl) Grain

Type 4 grain is a conocyl configuration with the transverse slot
located in & Type 1 (ellipsoidal) forward closure (Figure 57). Locations of
the direct input planes are given in Figures 58 and 59 for the two closure
cypes. Dimensions shown in blocks on Figure 57 are input and result in a
description of the conocyl grain.
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Figure 53, Type 3 (Finoeyl) Grain Configuration
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A geometrically exact burn surface regression model for the forward
portion of the grain produces a history of burning surface and port area (the
latter at Plane 2/3) versus distance burned. This burning surface is con-
verted to a perimeter versus distance burned (needed by ballistic simulation
module) by dividing the surface area by the length L.2T1, where L2T1 =
TAUMXF + AS5F, and A5F is the semi-minor axis of the liner inside surface
(see Figure 12). The bore radius R2 is held constant to Plane 9, and then
it can expand at Plane 14 to control gas velocity.

Subroutine SETUP4 performs the validation checks for the Type 4
grain. The logic flow for the forward segment checking is shown in Figure
60. These checks are illustrated on Figure 61. At the forward end, the
slot tip is tested to assure it is located thhm the bou.nda shown in Figure t1,
Part K, and that the slot angle ZED is 45°< ZED<90° (Part E). Other
checks are performed at the aft end so that RZAY<R2A14<RFAl4 (Part F
and Part H) and that the nozzle entrance radius RNOZEN ig properly esta-
blished (Part G). The other checke assure RIGN is dimensionally compatible
with the remainder of the problem and that port radius R2A3 is within limits.

The final tasks of subroutine SETUP4 are to insure that grain lengths
are greater than zero, calculate inert weights, translate the grain dimensions
into language required by the ballistic simulation module, and perform other
miscellaneous takks.

Type 5 (CP) Grain

Type 5 grain has a cylindrical port (CP) for its entire length. Direct
input planes are¢ =hown in Figures 62 and 63 for the two closure types.
Cross-sectional dimensions adjusted in the optimizatioi: process are the purt
radii at Planes 1, 5 and 14 (R2Al, R2ZAS, R2Al4, respectively), Tae dimen-
sional checks are relatively simplae,

R2A1 2 R2A5
RZA1l4 2 R2A5

Other checke determine that RZMIN< R2 < RF, where R2MIN is established
by a web fraction limit.

Subroutine SETUPS performs these verifications. As with the other
grains, SETUPS5 also insures that lengths asé greater than zero, calculates

inert weights associated with the cylindrical portion of the preassure vessel,
translates the grain dimensions into language required by the ballistic simu-

latior 'dule, and performs other miscellaneous tasks.
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PROPELLANT

Propellant ballistic and gas dynamic propertiees can be supplied to
SPOC by several means,

Option 1 allows evaluation of a single propellant whose characteristics
are known, It would be employed when the user wants to design a motor that
contains a specific propellant, The flag to set for Option 1 is PROPIN = T
and two other flags (described beiow) are allowed to default to FORMAD = F
and FORMIN = F. The user must furnish propellant ballistic characteristics:

CSTRT70 Characteristic velocity (nozzle end) at 70°F
(ft/ sec)

DELF Propellant cured density (lbm/cu in)

GAMAC Ratio of specific heats in chamber :

RGAS Gas donstant of combustion products in charnber ]
(ft-1bf/1bm- °R)

; RB70 Propellant burn ratc at 70°F, 1000 paia (in/sec)
XN Pressure exponent in the rate model

RATE = A¥P¥x N

i If the problem requirces ballistic simulation at two grain temperatures, addi-
tional user-supplied inputs are;

PIK Temperature coefficient of pressure (per °F)
MC Temperature coefficient of characteristic
velocity (per °F)

If the SPP impulse zfficiency model (Reference 12) is specified by the user
(SPPETA = T), the user must supply additional information for this propel-
lant options:

ot e

IVAC Vacuum specific impulse, shifting equilibrium
at motor pressure and expansion ratio
(i1bm-sec/lbm)

IVACF Vacuum specific impulse, frozen equilibrium

at motor pressure and expansion ratio
(lbf-sec/1bm)

MOLCND Mole fraction of condensed speciés (moles per
100 gms of mixture)

If a combustion stability analysis is to be performed (FSTAB = T), the user
must supply more information for this option:

SONVEL Sonic velocity in chamber, stagnation conditions
(ft/sec)
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Option 2 will permit the user to supply the formulation of & given pro-
pellant and SPOC will calculate much of the inforrmmtion listed abuve. Thiis
option is also employed when the user wants to design a motor that contains
a specific propellant, as did Option 1. The flag to aet for Option 2 is
FORMIN = T, and two other flags are allowed to default to FORMAD = F
(described below) and PROPIN = F. In this option, the thermochemistry
module (TCHEM), is called only on the first pass through COMP and thcse
results are used throughout the optimization process, Chamber pressure
and nozzle expansion ratio are needed in TCHEM; on the first pases througl
COMP the chamber pressure that is used is an input value, PC (defaults to
1000 psia), and nozzle expanegion ratio is derived from initial nozzle dimen-
sions., Data that must still be supplied by the user are RB70, XN, PIK, and
MC. All other data are produced by the thermochemiatry module, provided
another condition is satisfied: IVAC, IVACF and MO;.CND are not calculated
unless SPPETA = T.

P

Option 3 is employed when the propellant ingredient weight fractions
ara adjusted as part of the optimization process, The flag to set for Option 3
is FORMAD = T, and two other flags are allowed to default to FORMIN = F
and PROPIN = F. In this option, the thermochemistry module (TCHEM) is
entered on every pass through COMP (subject tothe conditions discussed
below) to provide the data listed above. Chamber pressure and nozzle expan-
sion ratio are needed in TCHEM. On the first pass through COMP, the ‘
chamber pressure that is used is an input value, PC, and nozzle expansion
ratio ie derived from the initial nozzle dimensions. On subsequent passes
through COMP, the chamber pressure is the average preasure from the
preceeding simulation, and the expansion ratio is still based c¢n the current
nozzle dimension set; if the problem being solved calls for ballistic simulation
at two temperatures, the average pressure used is from the high-temperature
simulation, As the optimum design is approached, the difference between the
pressures from the current simulation and the just completed simulation will
disappear. The thermochemistry module is not called for a new analysis
unless the chamber pressuire or the nozzle expansion ratio on the last pass
through COMP is at least 5% different from that on the next-to-last pass or
the ingredient weight fractions have been adjusted.

TCHEM is the executive subroutine for the entire thermochemistry
module, It calle subroutines LIQUID and NORMAL (described below) and
then MAINCO, which is the executive subroutine for the thermochemistry :
analysis itself (once a valid formulation has been provided to it). a

Theoretical density calcuiated by the thermochemical analysis routine
is based on ingredient density and relative amounts. This value is multiplied
by 0. 985 to obtain a ''cured' density to account for polymerization and cool-
down from cure temperature,

Propellant Formulation

The propellant formulation is adjusted as part of the optimization i
process through changes in weight fractions of related ingredients. Two
steps are required in this process, First, the current formulation must be
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checked againet user-supplied and physical limits and then normalized 8o that
the total weight fraction is 1.0, Second, this verified data set is sent to the
thermochemistry aubroutine to have the various properties calculated.

The firat task performed by subroutine TCHEM is (through subroutine
LIQUID) to verify that the incoming formulation is physically possible and that
it adheres to all limits (Figure 64). In this effort, it checks the compatibi-
lity of liquid constituents and total solids content. For example, if all liquid
ingredients have their weight fractions fixed by the user at input values, that
sets the total solids level; if that exceedsa a user-supplied maximum total
solids content, a basic incompatibility exist; and subroutine LIQUID so
informs the user.

The second task performed by subroutine TCHEM is (through sub-
routine NORMAL) to normalize the incoming propellant ingredient weight
fractions so that the total is 1.0 (Figure 65). One or more weight fractions
can be changed by PATSH during the optimization process. Subroutine
NORMAL takes these quantities, (knowing the ingiredients to be adjusted by
PATSH and the limits calculated by subroutine LIQUID) to specify a formu-
lation whose weight fractions total 1.0 and that are within user- or internal-
generated limits. [t calculates penalties when incoming weight fractions must
be changed to conform to limits. Only these ingredients being adjusted by
PATSH are changed in subroutine NORMAL to normalize the formulation.
The normalization process is an iterative one (Figure 65).

Within the thermochemistry analysis module itself is another normali-
zation routine that will adjust all ingredient weight fractions to total 1.0,
regardless of t. : intent of the user. This situation should not be encountered
unless the formulation is input with the weight fraction total not equal to 1.0
and flags set to hold all ingredients at their input weight fractions
(FORMIN = T), Then, the second normalization process will change all
amounts so that the total is equal to 1,0,

The next task performed by subroutine TCHEM is to set up the pro-
pellant ingredient data prior to calling MAINCO {the entry to the ther:.o-
chemical analysis). Up to this point, oxidizer has been considered as up to
two independent materials with up to three independent particle sizes of
each; now, these are combined into total amounts of each of the two oxidizers.

Thermochemistry

Propellant ballistic and gas dynamic characteristics are calculated
internally in SPOC (when 8o specified) using a verdion of the NASA-Lewis
code TRAN72 (Reference 01). In its original form, this code calculates
thermodynamic and transport properties of complex mixtures, chemical
equilibrium for assigned thermodynamic states, and theoretichl rocket per-
formance for both frozen and equilibrium compositions during expansion for
condensed and gaseous species, Ingredient and specie thermodynamic and
transport properties are obtained from JANNAF tables that are periodically
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ZERO PENALTIES

£

TOT = TOTAL ALL INGREDIENTS

TOTV = TOTAL ALL UNFIXED
INGREDIENTS

RATIO = () - TOT)/TOTY

ADJUST UNFIXED INGREDIENTS

W, = W[ (3 + RATIO)

FIX & LINIT
CALCULATE PENALTYY

I

SET FLAG FOR RE-NORMALIZATION

S RE-NORMALIZATION
FLAG SET P

YES

Logic Flow Chart for Subroutine NORMAL

Figure 65.
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updated., Execution time was reduced by streamlining the code so that it
performs only those calculations needed by SPOC, produces no printout,
and considers only those combustion products that will be produced by a
limited group of propellant conatituents. This latter consideration is one of
the more productive changes in reducing exectition time, because it greatly
reduces the time needed to search the product table.

In addition, SPOC stores all the appropriate thermodynamic data
internal to the code, rather than on external tapes as done in the original
NASA code. Propellant ingredients stored in the code are:

Ingredient
Ingredient Name Choice of Ingredients
Binder BIND HTPB -- Mixture consisting
of HTPB nolymer and typical
cure agent, plasticizer and
bond agent
Fuel FUEL C -- Carbon
ZR -- Z'rconium
AL -- Alaminum
Oxidizer OXA, OXB AP -- Ammonium perchlorate
HMX -- Cyclotetramethylene-
tetranitramine
RDX -- Cyclotrimethylene-
trinitramine
Rate Catalyst RCATS Fe,O -~ Iron Cxide
( Svlid) FCH -- Ferrocene
Rate Catalyst RCATL Nene available at the present
(Liquid)
Combustion STAB ZRC -- Zirconium carbide
Stabilizer ALOX -- Aluminum oxide
ZR -- Zirconium
C -- Carbon

The pertinent properties for HTPB binder are:

Formula: C(7.133) H(11, 150) O(0. 135) N(0.067)
Enthalpy (cal/gram formula weight): -6047.0
Density (gm/cu cm): 0,903

input lnformation

Manipulations within the code to adjust, verify and normaslize the
propellant formulation use generic nomenclature so that the usar can have
a choice of ingredients for any one constituent class. For example, two
oxidizers may be employed (identified as OXA and OXB) and either one of
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them may be "'named" as AP, or RDX, or HMX. Furthermore, each of the
oxidizers may be indexed to designate that they have up to three different
. particle sizes, to use, for example, in propellant burn rate models that
' combine amount and size, DParticle size can be input for the AP oxidizer
(DIAAP(I), 1 =1, 2, 3) for uise in the combustion stability module,

Up to four uvther ingredients may be defined by the user to the code
to provide additional propellant forraulation combinations. The user must
farnish the chemical iormula, enthalpy, and density, along with their iden-
tifying name, Then, this name can b2 employed, along with those already
stored in the code, to describe the propellant. Table 3 lists the species which
can be employed in the chemical formula of a new ingredient.

NI T < - e
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TABLE 3
SPECIES CONTAINED IN THERMOCHEMICAL ANALYSIS MODULE

FORMULA TEMP RANGE (K) PHASE
ALl 300. 6000.

e}
g ALl 932. 4000. L
‘ AL1 300. 932. s
ALl CL1 300. 6000. G
g ALl CL1 O 1 300. 6000. G
ALl CL2 300. 6000. G
AL1 CL3 300. 6000. G
AL1 CL3 466. 1500. L
ALl H 1 300. 6000. G
ALLH 101 300. 6000. G
AL1L N 1 300. 6000. G ]
ALL O 1 300. 6000. G 3
ALL O 1L H 1 300. 6000. G A
t ALl O 2 300. 6000. G {
AL2 O 1 300. 6000. G -
AL? O 2 300. 6000C. G :
AL2 O 3 2327, 4000. L 1
AL2 O 3 300. 2327. S
c1 300. 6000. G
c1 300. 6000. S
CilicLrtol 300. 6000. G
C . CL4 300. 6000. G
C1HI1NI1 300. 6000. G
C1H1N1O1 300. 6000. G :
ClH1O01 300. 6000. G ]
cC1d2 300. 6000. G :
C1H201 300. 6000 . G ]
C1H3 300. 69090. G i
C 1H3CLl 300. 60C0. G ]
C1lHU 300. 6000. G !
C1N1 300. 6000. G i
C1N1O1 300. 6000. G
cC1901 300. 6000. G
C102 300. 6000. G
C 1 zr1 300. 3805. S
c 2 300. 6000. G :
C2H1 300. 6C00. G
C2H1cCL 300. 6000. G
C 2 H2 300. 6000. G
C2HA4 300- 6000. G
C2N2 300. 6000. G
CcL1 300. 6000. G
CL1 FEL 300. 6000. G *
CL1 H1 300. 60V0. G
CLlH101 300. $000. G b
CLIN1O1 300. 6000. G ;
CL1 O 1 300. 6000. G =
CLl1 ZR1 300. 6009. ¢] !
CL2 300. 6000. G 1
CL2 FE1 300. 6000. G
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Table 3

Species Contained in Thermochemical Analysis Module (Cont'd)

CL2
CL2
CL2
CL2
CL2
CL3
F CL3
g CL3
CL3
CL4
CL4
FE1
{ FEl
J FE1
FE1
FE1l
3 FE1
FE1
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TEMP RANGE (K)

950.
300.
300.
1000.
300.
300.
5717.
300.
300.
300.
300.
300.
1809.
300.
300.
300.
300.
1650.
300.
300.
300.
300.
300.
300.
300.
300.
300.
300.
300.
300.
273.
300.
300.
300.
300.
300.
3225.
300.
3G0.
300.
300.
300.
300.
300.
300.
2950.
300.
300.
2125.
300.
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3000.

950.
6000.
2000.
1000.
6000.
1500.
6000.
2000.
6000.
6000.
6000.
4500.
1809.
6000.
1500.
6000.
5000.
1l650.
6000.
6000.
6000.
6000.
6000.
6000.
6000.
6000.
6000.
60CO0.
6000.

373.
6000.
6000.
6000.
6000.
600C0.
6000.
3225,
6000.
6000.
6G600.
€000.
6000.
6000,
6000.
6000.
2950.
6000.
5500.
1500.

PHASE
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IMPULSE EFFICIENCY

The rocket motor impulse efficiency is a fixed user input, deter-
mined from the empiriciams defined for the SPP(Reference 12)computer
code, or calculated from a user-supplied model,

As employed in ithe SPOC ballistic simulation module, impulse
efficiency is the ratio of delivered vacuum specific impulse at motor pressure
and expansion ratio to theoretical specific impulse at identical conditions,
Divergence losses are not included in the efficiency factor, but are accounted
for through the thrust coefficient calculated by the code, In actual practice,
the impulse efficiency is treated as a '"thrust efficiency' during ballistic
simulation, However, the impulse efficiency predicted in SPP already
includes a divergence loss term, Tharefore, when the SPP model is selected
by the user (SPPETA=T), the divergence loss calculation in the ballistic
module is by-passed by internally setting the effective nozzle exit half-angle
to zero,

Impulse efficiency calculated by the SPP empiricisms is as follows
(where code nomenclature is also shown)

ETAISP = (ETACSR)(ETACF)

where ETACF =1 - (ETABL)Y(ETADI®)(ETAKIN)(ETASUB)(ETATP)/100
and
ETATP is impulse loss effect, in %, due to two-phase flow
ETADLV is impulse loas effect, in %, due to nozzle divergence
ETAKIN is impulse loss effect, in %, due to finite rate reaction kinetics
ETABL is impulse loss effect, in %, due to boundary layer buildup
in the nozzle
ETACSR is impulse loss effect, in %, due to C* efficiency (i.e,,
same as combustion efficiency)
ETASUB is impulse loss effect, in %, due to nozzle submergence.

Always equal to one because submerged nozzles are not pro-
vided in SPOC,

The various losses are defined by empiricisms as described below,
ETATP

The two-phase flow loss is given by the empiricism
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where

rerer T —— e
Cs
_ ¢ C4Pp
ETATP = C3 { “ 515 0.08. C
P (N Dt 6

is mol fraction of condensed species (at average motor
chamber pressure) expressed in mols of condensed
species per 100 grams of mixture

is condensed specie particle size in microns and is given by

Dy, = 0.454 pl/3 ;’”3 [1_,--004L*] [1 + . 045 Dt]

is average motor chamber pressure in psin (PBAR)
in nozzle expansion ratio at ignition conditions (ERI)
is nozzle throat diameter in inches at ignition (DTI)
is motor L* in inches at ignition (LSTRI)

is the Naperian base 2, 71828, ..

The coefficients C3, C4, Cs. and C, are determined as follows:

6
if £ <0.09
C4=l.0
ith<l; C3=30, C5=1, C6=1
if1<D, £2;C,=30,C =1, C,=0.8
ith>2 &DP<4; C3=44.6, CS = 0,8, C6=0'8

11Dt>2&DP5_8: C3=34. C5=0'8' C6=0.4
1£Dt>2&Dp>8; C3=25.2, C5=0.8, C6=0'33
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if g > 0.09
C4= 0.5

1th<l; C3 =9, CS =1, C6=l

ifl< DtS_Z; C3 =9, C5=1. C6=0.8

lth>2 & DP<4; C3 = 13.4, Cs = 0.8, C6= 0.8

i D, >2 & 4Dy C,=10.2, C = 0.8, C,=0.4

1th>Z &Dp> 8; C3 = 7.58, CS = 0,8, C6= 0,33
ETADIV

The nozzle divergence loss is given by

ETADIV = 50 [1 -cos("‘_"zi’@_‘_)]

o ey T ALFAEX /
\/ . a =

- ) _ I

= ALFA

Conical Nozzle Contoured Nozzle

ETAKIN

The reaction kinetics loss is given by

I
ap
100 Vg
ETAKIN = |—3— 1 - —== A
ep

Vs
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where
. is theoretical vacuum I, computed at ignition nozzle
vaF geometry and assuming Frozen equilibrium thermo-
{ chemistry (IVACF, FISP)
i I is theoretical vacuum Igp computed st ignition nozzle
f 8p ; e e
§ vTS geometry and &ssuming ahifting equilibrium thermo-

chemistry (IVAC, SISP)
if P< 200, A=1
200

if P> 200, A =43

P is average motor chamber pressure in psia (PBAR)

ETABL

The boundary layer loss is given by

ETAPT = C) 1—’%:—-; [1 +2e°C; P ('1;6%‘2‘) ’] [1 +.016(e, - 9)J

Dt t

where

C1 is 0, 00365

C2 is 0,000937

P 1# average motor chamber pressure in psia (PBAR)

Dt is nozzle throat diameter in inches at ignition (DTI)

e is the Naperian base 2, 71828...,

t it  tor burn time in seconds (TB)

€r is nozzle expansion ratio at ignition conditions (ERI)

ETACSR
The c* efficiency loss is given by !
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ETACSR * [K+(-l-‘-)f§)(100-1<)] b (c)

ifa< 10, d=1a

ifa> 10, d=10

where

a is the weight percent of aluminum in the propellant formulation

g b=1,0
&
c=1,003
- The parameter K is a function of burning rate and is determined by
: the following table. Burning (RBBAR) is evaluated at motor average pressure,
Burning Rate Burning Rate
(in/sec) _ K (in/sec) K
<0,11 91.4 0.50 98, 6
0.11 91.4 0. 60 98.9
0.12 9..1 0.70 99.1
0.13 94,0 0. 80 99. 2
g 0.14 94. 6 0. 90 99.3 :
0.15 95,1 1.00 99. 4
0.16 95, 6 1.20 99. 6
0.17 96. 0 1.40 99.7 ]
0,18 96. 4 1,60 99. 8 ;
0.19 96.7 1, 80 99.9
0.20 97.0 2,00 100.0
0.30 97.7 >2,00 100.0 i
- 0.40 98, 2 1
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Values for the parameters used to calculate the various loss factors
are generated at numerous places in the code, Table 4 lists the param-
eters (according to both the calling and called arguments) and their sources.
The primary influence was the need to use data from the just completed
evaluation (the preceding pass through COMP) in order to not have an itera-
tion within one COMP evaluation. For example, the proper cha nber pres-
sure to use in estimating ETAISP is the one at which the motor will operate;
but since pressure and thrust simulations are performed concurrently, the
average pressure is not available when the estimate for ETAISP is needed.
Thus the technique of using pressure from the just completed simulation was
adopted. The error usually should be small (at least not excessive), and
as the optimum design is approached the small step-size by PATSH will
produce only small changes in basic parameters. Therefore the conditions
for the juat completed evaluation should be essentially identical to the cur-
rent evaluation, As seen in Table 4, there are other parameters treated
in the same manner; unless otherwise stated, the data come from the cur-

rent evaluation,
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TABLE 4

? SOURCES OF DATA USED IN SPP PREDICTION

OF IMPULSE EFFICIENCY
[ Calling Called
Argument Argument Definition and Units
TB TB Burn time (sec) from zero to time "at which °
99. 5% of the propellant has been consumed.
Taken from preceding ballistic simulation at ',
low temperature (if a two-temperature problem),
otherwise from the single temperature simulation.
One second on initial pass.
P PBAR Average pressure (psia) over TB, taken at same
Lr conditions as TB, from preceding pass through
COMP. Input PC (default to 1000 psiu) on initial pass, 4
ALFA ALFA Half-angle (deg) at entrance to exit cone in '
contoured nozzle, Equal to ALFAEX in conical
exit cone,
ALFAEX ALFAEX Half-angle (deg) at exit of exit cone. b
NOZER ERI Nozzle initial expansion ratio, i
RATE RBBAR Burning rate (in/sec) at pressure PBAR,
Burn rate subroutine called with pressure P
to obtain this value,
LSTRI LSTRI Initial L* (in). Ratio of initial port volume

from preceding evaluation to initial throat
area, Port volume includ<s only that part of
' chamber occupied by prop=llant. Estimate 3
for first pass through COMP is
(MERMOTOR)Z (LMOTMX)/3.

DTI DTI Initial throat diameter (in).

IVACF FISP Theoretical specific impulce (1bf-sec/lbm) at
frogen equilibrium, current nozzle expansion
ratio, preceding chamber pressure; from sub-
routine TCHEM.

IVAC SISP Theoretical specific impulse (1bf-sec/lbm)
at shifting equilibrium, current nozzle expan- .
sion ratio; at preceding chamber pressure; '
from subroutine TCHEM,
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Table 4 (Continued)

SOURCES OF DATA USED IN SPP PREDICTION
OF IMPULSE EFFICIENCY

'

Calling Called S
Argument Argument \ Definition and Units ,,
MOLCND MOLFR Mole fraction of condensed species (\'.l,noles
per 100 gm of mixture). From subroutine
TCHEM at preceding chamber pressure,
PCAL PCAL Percent aluminum (%) in propellant,
! 1
s
3
&
!
i
]
§
¥
144 J
|
|
}




NOZZLE STRUCTURAL AND ABLATIVE THICKNESS

Each machine access will require the user to specify a nozzle type
to be considered, The user may choose one from among six nozsle types

shown by Figures 20 through 25.

All nozzle types consiat of an inner layer of insulating material
supported by an outer structural member., For Nozzle Types 1 and 2 and
the exit cone of Type 6, the thickness of the insulating material is established
by the ercosion, char and thermal penetration depths calculated in the code.
For Nozzle Types 3, 4, 5 and the entrance/blast tube of Type 6, the thickness
of the insulating material is establiahed by user inputs that define the outer
contour of the structural material, which in turn defines the outer contour of
the insulating material, Calculations of erosion, char and thermal penetration
depthe are still made for the latter nozkles, and the results are used to
determine if sufficient insulation material has been provided,

Thickness requirements of the structural members are calculated in
the code for all the nozzles except for Type 3 and the supersonic portion of
Type 4.

Up to three different insulating materials can be specified for Nozzle
Types 1, 2 and 6, The boundary between materials is defined by a-user-input
area ratio (ARl in the entrance section, AR2 in the exit section). By definition,
Nozzle Type 3 and 4 have only one insulating material, Again, by definition,
the boundary between insulating materials No, 1 and No. 2 occurs at the aft
end of the blast tube on Nozzle Type 5 and Type 6, The boundary between
insulating material No, 2 and No. 3 in Nozzle Types 1, 2 and 6 will occur
at the AR2 input by the user; however the conical ramp supporting the insert
of Nozkle Type 2 will be positioned to connect the two boundaries regardleas
of the relative magnitudes of ARl and ARZ.

Two structural support materials can be specified, Material No. 1
is for the entrance and throat regions; No. 2 is for the exit region, The
boundary between Structural Materials No, 1 and 2 occurs a distance XSTRAN
downstream of the boundary between Insulating Materials No. 2 and 3,

The stagnation pressure from which the local static pressure is
calculated is MEOP (maximum expected operating pressure) determined
from the high temperature ballistic simulation; thus all pressure-dependent
analyses in the nozzle subroutine include an inherent degree of conserva-
tism by the use of the MEOP, which is the upper three-sigma maximum
pressure, Additional conservatiam is included in motors with either a pro-
gressive or regressive pressure history which have an average pressure
less than thé maximum on which MEOP is based.

Burn time used in the nozzle analyses is the nominal burn time deter-
mined from the iow temperature ballistic simulation,
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Establishing Internal Contour

The program uses the psrameters shown in Figure 66 to describe the
internal contour of the nogxle in terms of an X-R coordinate system with its
origin at the nozsle entrance.

o 7 ALFAEX

Figure 66, Nozzle Descriptive Nomenclature for Internal
Contour
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Figure 67. Conditions for Contoured Expansion Section

The parameters shown in Figure ~+7 are used to determine whether
the nozzle is to have either a conical, elliptic, parabolic or hyperbolic exit i
cone, This decision is made in the following way.

: Condition Decisivn
i
‘ a = a (input) Conical Exit Section :
[ . 2 2 ‘
: * Tan O‘l Re ;
> | = Elliptic Exit Section ]
. Tan O R ]
b 2 b
b
i) —~ 2
‘ ; Tan al Re 2
i m = E—- Parabolic Exit Section
i 2 b
"Tan o, 2 R 2
. _ < _e _,r . .
Tan az Rb Hyperbolic Exit Section |
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The inner contour is described by an X-R array, where the X-
coordinates are established by a user-input incremental X. The procedure
to establish the inner contour is the same for all six nozzle types. The only
difference comes in defining the blast tube length for Types 5 and 6; there
a radius equal to DTI'\/A is held constant until a length LBT is reached.
Figure 66 shows general contour information.

EltablinhinLInluhtion Thickness

After describing the intarnal contour, the iasulation thickness is
determined for each point in the nozzle by considering the amount needed for
erosion, char, thermal protection and safety factor,

The thickness of insulation needed due to erosion is determined at
each X-R coordinate from a mathematical model j

: C
f C4 . 5 '
: = 1
3 r, C,P* M a+ C, sina + CJP + C, (1) ]
= 2) :
Te (r,)(t) ( i
]
where g
4
r, = local erosion rate (in/sec)
Te = local erosion thickness (in)
i
tb = motor burn time (sec)
P = local static gas pressure (psia) §
M = local gas Mach number i
(4] = local angle between nozzle internal contour and

nozzle canterline (deg)

C,, C,---C, = parameters that are a function of the insulating
1 2 6 . . . .
material and its location in the nozzle

Values for P and M are calculated from the isentropic flow relations.
Local values for & come from the contour routiues, (O C2~~--C6 are
determined from a statistical curve fit of erosion data for the material under
consideraticn, input by ueer,

The thickness of inaulation needed due to char is determined at each
X-R coordinate from the following relation found in Reference 13 for an ablating

surface
_ ,. ac] Tvalor ) Tlmb-,
fc = ,--r— In T T (N
e char = “amb J

1~8
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fc is limited to a maximum of:

E % tb k¢: [ kc
=V, . 4| — - . <
T 0.79 T T _] + 0,57 m 0.6 h] (4)
char “amb
-ln|1-
T -T J i
vapor ~amb i
where .
Te = char thickness (in) 'i
ac = char thermal diffusivity (sq in/sec)
kc = char thermal conductivity (BTU/in-sec-°F) ;
char - material char temperature (°F’)
- . oo ° d
vapor material vaporization temperature (°F) i
- . . _ . o :
T, mb gxe'rébtloen,togfxﬁag)oaee{nperatm e of material (°F). ‘i
h = surface heat transfer coefficient (h—ewo for

extreme cornaervatism) (BTU/sq in-sec-°F) }

The limiting value is obtained from a curve fit of the Hottel chart for the
midplane temperature of a large slab (found in Reference 14).

The thickness of insulation required zs a thermal berrier for the
nozzle structural material is determined from the following relationship

o t T - T
b b alow amb
r = - In| 1- ¢ C_ +(C_-10)7 (5)
b T+ T, I apor L SN b b e

st ikl T i

where 'rB if limited to a maximum of

e e A ik -

(03 tb kb 2 %
r =C 0. 79 2 + 0.574 | — (6)
b b T - , h
In . alow amb
T]char-Tlmb :
[kb ; .
~0,6 —h—] +(Cb- 1.0) T, 1
3
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and where
'rb = thermal barrier thickness (in)
4 = barrier thermal diffusivity (sq in/sec)
kb = barrier thermal conductivity (BTU/in-sec-°F)

Cb = thermal barrier safety factor (provided by user)

Ta.low

allowable temperature (°F) of structural material

The limiting value is also cbtained from a curve fit of the Hottel chart in
Reference 14. :

The total insulation thickness is

= {
T T + T. + U 7)

noting that a safety factor is included in the thermal barrier increment,
Separate data sets of input parameters must be furnished for each

of the insulating materials inherent with a particular nozzle type (three for
Type 1, one for Type 3, one for Type 4, etc.).

Cys Cpeee C6 kb
Cb kc
Tvapot b
Tehar @,
% l

The thickness of the insulation in the entrance section of Nozzle
Types 4, 5 and 6 is input by the user (TENT); however, erosion, clar and
thermal barrier thickness requirements are 21so calculated, Thae final
thickness is the greater of the two (input or calculated).

Lstablishing Structure Thickness

Nozzle Type ! and Type 2 ,

Structural requirements for nozzle Type 1, Type 2 and the exit cone f
of Type 6 are found with the following analysia, The longitudinal and radial -
forces the nozzle must support at any point are calculated., (See Figure 69.) i f
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F, is the longitudinal force found by summing the pressure forces from the
exit plane, FY is the hoop load caused by the local static pressure.

_—

-

B

4

\

Figure 69, Forces Acting on Nozzle

The structural thickness needed to withstand these forces is cal- ,;
culated from the following relations. ILoad carrying capability of the :
insulating material is ignored,

(1) Longitudinal Stress

Fx 3
") =Z11Rcoaa6c 8 ;
where ‘ 1
2! = thickness (in) required by longitudinal stress : J‘
Fx = longitudinal force (lbf) at individual station, ‘
summed from exit plane ; “
R = local radius (in) x
|
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o = angle (deg) between nozzle surface and nozzle
centerline
Oc = compressive yield strength (pai) of structural
material
(2) Buckling Stress
b T 217 cosx E 9
i where g
: 1'2 = thickness (in) required by buckling stress
; ] E = modulus of elasticity (psi) of the structural
material ;
B ]
! (3) Shear Stress f
P
: Fx sin o
! ™ ITR 4 (10
s
where q
T, = thickness (in) required by shear stress ]
OB = shear yield strength (psi) of structural
material
’ =
(4) Hoop Stress -
PR _
T < 3 (11)
t 0
where S
A = thickness (in) required by hoop stress :
P = local gas pressure (psia)
ot = tensile yield strength (psi) of structural material '
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The thickness of the structural material is the maximum of 7., r.,
» OF T, The input structural safety factor is then applied to the maximum
t?xicknesa.

Nozzle Type 3

A structural analysis is not performed on Type 3 nozzles because the
ablctive adds significantly to the load-carrying capability of the assembly,
Generally speaking, the capacity of the structure is not a critical item,
When a Type 3 nozzle is employed with an Aft Closure Type 2, the structure
thickness is made equal %o the case thickness (TCASE). When it is com-
bined with an Aft Closure Type 1, the support structure thickness is a user
input TSTR3,

Nozzle Type 4

A structural analysis is not performed on the reduced-diameter aft
section of Type 4 nozzles; its thickness is a user input TSTR4, Thickness
of the structure that forms the entrance section, TENTS, (Figure 70) is
estimated through the thin-wall pressure vessel relationship

(P)(RENT)
TENTS (FTY)(FSTRUS) (12)
RENT = RNl/ein (90-ALFAEN) (13)
where
P = MEOP (psia)
RENT = Effective radius (in); See Figure 70
FTY = Structural material No. 1 tensile yield strength
(psi)
FSTRUS =  Structural material No, 1 safety factor

Nozgle Type 5 and 6

Thickness of the structure that forms the entrance to the blast tube
is calculated with Eqs (12) and (13), Structure in the blast tube is calculated
with

_ P(KUP) * R3(KUP)
TBTS = “FTy * FSTRUS (14)
where TBTS = Thickness (in) of blast tube structure
P(KUP) =  Static pressure (psia) at entrance to throat

insert (Station KUP)

R3(KUP) = Outside radius (in) of insulation material along
blast tube (Station KUP)
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+ a4

Nozzle Tvpe 4 Shown (Typiceal)

90-ALFAEN e

TENTS

Figure 70, Basis for Structural Analysis of Entrance Section
of Nozzle Types 4, 5 and 6
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Structure thickness for the exit cone of Nozzle Type 6 is determined
with Eqs (8) - {11), as were Types 1 and 2.

Interfaces with Mctor and Geometric Verification

The outermost contour of Nozzle Type 1, Type ¢ and the exit cone
of Type 6 are a result of separate calculations for erosion depth, char depth,
thermal barrier and structural thickness, all performed at a number of nodes
(located by X-R coordinates) along the internal surface of the motor. Cal-
culations at each node are independent of one another, and so there is some
'waviness'' in the outer contour (except for behind the throat of Type 2 nozzle).
It is recognized that a nozzle would not actually be built with this contour, but
the purpose of these analyses is to obtain a reasonably accurate estimate of
the nozzle size, and to that extent, the analyses are appropriate,

As described above, the outer contours of Nozzles Type 3, Type 4,
Type 5 and the blast tube of Type 6 are established by various user inputs,
How the interface between the user-established outer contour and the
analysis-established inner contour is controlled is described in later para-
graphs,

The primary interface between the motor and riozzle ia at the aft case
opening where the case opening radius RNOZEN must mate with the nozzle
entrance radius RNl, For any given problem, a value of RNOZEN is cal-
culated at every design evaluation {every pass through COMP), whatever
the combination of propellant grain configuration and aft closure type might
be. The definition of the various possibilities of RMOZEN are illustrated in
the figures included as part of the grain copfiguration discuseion,

A series of geometric validations are made prior to ballistic simula-
tion to achieve the proper motor/nozgle interface and to assure compatibility
of other nozzle dimensions (Figures 71, 72 and 73). These comparison
guarantee:

(1) Radius of boundary between Insulation Materials No. 1 and No. 2
(RT‘\’—ARI) is less than RNOZEN (Nozzle Types 1, 2, 5 and 6). Note that
for Types 5 and 6, this material boundary radius corresponds to the inside
radius of the blast tube,

(2) Exit radius (RE) is greater than the radius of the boundary
between Insulation Material No. 2 and Insulation Material No, 3 (RT‘\,/ AR2)
for Nozzle Types 1, 2 and 6,
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N /
° RT VART > RNOZEN

[T ~weien ]
T

©

[ ne = srvakr )

FDTL = 7

I_ ANL « ANDZEN

]

B!
° [ CHECK. » PT ~ RNOZEN/VIRT l

CONTINUE 7 ¥
| OBURT = (CHECK®) 30

]

!

[ -

|

i

RINHX = RMOTOR - TAERO]
= TINCON - TLNR

RT VT ART < RINMX

WRITE "RT JERY & RINMX"

Lam-n/ﬁx‘ ‘]
R

r CHECK = RNOZEN - RN ]

T
| 4

r DBJRNZ = (CHECK)?Z :.o‘J

FR2A1a = T

WRITE “RT AND RNOZEN ARE
FIXED,
RT v"AR1 < RNDZEN"

Figure 73, Geometric Verification of Nogzle Type 5
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§ (3) Throat radius (RT) is less than aft case opening (RNOZEN) for
{ Nozzle Types 3 and 4,

(4) Exit radiua (RE) is greater than throat radius (RT) for Nozrle
Types 3 and 4,

(5) Exit radius (RE) ia less than the nogzle entrance radius (RNOZ7FEN)
for Nozzle Type 3,

(6) Exit radius (RE) is leas than the inside radius of the blast tube
support structure (RBTO-TSTR4) for Nozzle Type 4.

(7) Nozzle entrance radius (RN1) is equal to the aft case opening
(RNOZEN) for Nozzle Types 1, 2, 5 and o,

(8) Exit haif-angle (ALFAEX) is less than the expansion section
entrance angle (ALF A) for contoured noxeles,

When the ballistic simulation is completed, the nozzle thermal and
structural analyses are performed, These resulte are used to determine
dimensional compatibility bhetween insulation and support structure in
Nozzle Types 3, 4, 5 and 6, Figure 74 illustrates the check made at the
exit plane of Nozzle Types 3, 4 and 5; a penalty, OBEXIM, is calculated if
the margin EXINSM is less than zero. For the blast tube of Nozzle Types
5 and 6, the outside etructure radius ia found by summing the required
insulation thickness (erosion, char, thermal barrier) and the required
support structure thickness with the inside =adius; if this total is greater
than the user-input RBTO5 (or RBTO6), a penalty is calculated (OBBTOS5
or OBBTOQ6),

b Nt

The outside radius of the exit section (RAO) is also determined for ]
Nozzle Types 1, 2 and 6 after the nozezle analyses are performed, If RAO 4
is greater than a user limit, & penalty is calculated (OBJDEQ)., The outside
exit radius limit is input as the ratio of nozzle diameter to motor diameter
(NTMR}. Thus the nozzle exit size can be adjusted in concert with the
motor diameter if the latter is one of the adjusted parameters in an optimi-
zation problem,

Another check is on the length of the blast tube /i, e, . the reduced
diameter aft section) of a Type 4 nozzle, If the length calculated in the
analysis (LBT4) is not equal to the required length LBT4RQ, a penalty is
calculzted (OBLBT4).
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PRESSURE VESSFL STRUCTURAL ANALYSIS

Thicknesses of structural material required to withatand maximum
expected operating pressure (MEOP), plus a safety factor, are ralcuiated
with cunventional relationships (Reference 1%5). To account for the several
case/closure arrangements, the biésic stress relationships are employed
for:

o Flat plate unrestrained on outer edge, such as when
closure ia held in place by retaining ring (Forward
Closure Type 2)

o Flat plate restrained on outer edge, such as when closure
is integral with tubular portion of case (Forwurd Closure
Type 3)
o Elliptical domes for both forward and aft closures (Type 1)
These celculations are performed in the subrcutine CASEAN,
Two structural design pressures are calculated immediately after

the ballistic simulution; one is for use with yield tensile properties and the
other is for use with ultimate tansile preperties,

PYIELD = (FSYLD)(MZOP) (1)
PULT = (FSULT)}{MEOP) (2)
where FSYLD = Factcr of safety 7cr yield conditiove
FSULT = Factor of safety for ultimate conditions

MEQCP = Maximim expected operating pressure (psia);
upper thr2e-sigma snaximum pressure at high
ternperature firing

A test is made to determine whkether the yield condition or the usltimate
condition is the moure critical; the decision depends on the relationship beiween
the two safety factors and ihe material yield and ultimate strengths

F (FSULTNFIYC) (3)
(FSYLDNFTUC)
where F1YC = Case structural material tensile yield strength (psi)
FTUC = Case structural material tensile nltimate strength (psi)

If F>1, the ultima‘e condition is more critical (i, e., when desig:aing to
ultimate condition such that the ultimcte factor of safety is FSULT, the
resuliant yield facior of safety will bc greater than that required, FSYLD).
If F <1, the reverse situacvion prevails, Note that this test uaes case
material properties and the cecision iz applied even to tiie forward closure
that is a neparate part (Type 2).
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Ellipsoidal Dome Closurcs, Forward and Aft (Type 1)

Thickness of an ellipsocidal cloaure is calculated from Case 5, Table
X1l (Reference 15), considering conditions at the centerline (Figure 75).

maotor
centerline

e by e

Figure 75. Ellipsoidal Closure Stress Analysis

The radius R2 can be shown to be
1
2
R, = a [(x/a)z 1-x%) + x° ] (1) 3

Where K = a/b. When x = zero, R, = lzlb = aK. Thus in terminology us=d
in the code, R,‘, becomes

R = (RCI)(BETAZF) (2) ]

where RCI = case inside radius (in)
BETAZF = ellipse ratio of dome internal surface = a/b
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From the above quoted Reference 15 case, hcop and meridional stress are
equal at the center, so that the required closure wall thickness (TCLOF or
TCIL.CA) is

P)(R

(2)(STRESS) 3)

TCLOF (¢r TCLOA) =

critical pressure (psia), ultimate or yield, seiected as
described above

1

where P

R

i

radius (in} from Eq (2)

STRESS = case material strength (psi), ultimate or yield,
sclected as described above,

If the thickness calculated with Eq (3) ie less than the thickness of the
case cylindrical wall (TCASE), it is set equal to TCASE, Mathematically,
the condition of TCLOF <« TCASE will occur when BETA2F%2;: however,
manufacturing experience has shown that it usually involves extra expense to
provide the thinner closure,

Flat Plate Forward Closure Not Integrally Attached (Type 2)

For a flat plate loaded as shown in Figure 76, the required thickness
is related to radial stress at the center by (Case 1, Table X, Ref, 15)

fr = if—i—-:—:——[ﬁm-:- 1}=—3;13§—2[3m+1] (4)

from which

/ 2
- 3 Pr V 3m + 1) _
t = V ) Ft = TCLOF (5)
x

Nomenclature is in Table 5,
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Note: No moments exist
1 at plate edges

—— — ¢

Figure 7¢. Unrestrained Flat Plate Forward Closure
This type of forward closure stress analysis applies when the flat plate is
keyed (or similarly attached) tothe case wall, Case strength levels are

used to calculate this closure thickness.

Flat Plate Forward Closure, Integral with Case (Type 3)

Stress in this closure is found by superimposing radial stresses, S,,
as defined in Reference 15 {radial at center of closure).

Pressure (Case 1, Table X)

3 PRZ(Bm+1) ()
r 8mtT

S

Moment (Case 12, Table X)
6M
- (7)

n
1
™~

\'4
S, =3 (8)
where M and V are found from Case 24, Table XIII,

Superposition and then combining terms results in
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TABLE 5

NOMENCLATURE FOR PRESSURE VESSEL
STRUCTURAL ANALYSIS

motor pressure in psia, yield or ultimate conditions, PULT, PYIELD

plate radius in inches (same as motor case ingside radius), RCI

reciprocal of Poisson's ratio for case material, XM

TSRS

modulus of elasticity for case material, MODCAS
forward closure thickmess in inches, TCLOF
Poisson's ratio for case or closure material, PRCAS, PRCLO

radius (in inches) from motor centerline to center of case thickness,
CAPR

case wall thickness in inches, TCASE

moment applied to case lip in inch-pounds per inch of circumference

radial shear load applied at case lip in pounds per inch of circumference

tensile strength of case material---either ultimate or yield, FTUC, k
FTYC ;

case outside radius in inches, RMOTOR
ellipse semi-minor diameter in inches, AlA or AIF

ellipse semi-major diameter in inches, BlA or BIF

radial stress in psi (tension)
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6
Sr = x, -t—z- [ (x2+x3)/(x4 -xs)]

1
+*t~( X, [(x2 + x3)/(x4 - xs)] - %, (9)
where

2
_ 3 PR 3m +1)

8mté (10)
e = 2 PR 12 D (l-vz)
2 4(1+v)EL (11)
2 Psz tD
x3 = 3
t, (1 -v/2) [Et + 2RD) (1-u)] (12)
2 2
x, = 2+ 241? D(-v) (13)
Et” (1 + V)
%, = A ’gt (14)
Et + 2D\~ R (1-V)
2 0.25
W TSR (15)
R t
C
£t
c
D= —s— (16)
12 (1-y7)

Eq (9) is solved iteratively for t {i.e., TCLOF and TCLOA) until the calculated
radial stress S is within 0.1% of the critical strength (either FTUC or FTYC).

Case Cylindrical Section

The case thickness resquired to withstand the predicted design pres-
sure (TCREQ) is calculated by

TCREQ = (____P)(Rm) 17

th

This is compared with the current value of case thickness (TCASE) that was
used to determine the propellant external dimensions., If TCASE< TCREQ,
a penalty is calculated.
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PROPELLANT STRUCTURAL ANALYSIS

Strain imposed on the propellant grain due to low-temperature
storage and low-temperature ignition is calculated with 'plane-strain'
relations (Reference 16)for the cylindrically perforated cavity, Strain
in the valley of a star or slotted configuration is found by application of
strain concentration factors(Reference 17)to strain calculated for equiv-
alent cylindrically perforated ports,

It was decided to use plane strain analyses of circular port
geometries to determine these strains and to modify these with appropriate
concentration factors when the port is not circular, Such analyses should
be conservative for storage condition loading, in that plane strain analy-
ses predict higher hoop strains (and stresses) than do three-dimensional
analyses, Also, '"lobes' of propellant protruding into the bore restrict
hoop strain somewhat, but this effect is ignored. For ignition conditions,
plane strain analyses are expected to be accurate except at transitions
between irregular ports and circular ports, At the transitions the actual
hoop stress and hoop strain are bounded from above by plane stress values
and from below by plane strain results,

For total hoop strain imposed by low temperature storage (Table I,
Reference 15):

@ (14V)

1-
€gr = " (1 +v) (@NAT) [ — (‘1;'” [ 1-2,,+(%) )

where
v = Poisson's ratio of propellant (in/in), PRP
c ° Poisson's ratio of case (in/in}, PRCAS

o = Coefficient of thermal expansion of propellant (in/in/°F),
ALPHAP

ozc = Coefficient of thermal expansion of case (in/in/°F),
ALPHAC

AT = Conditioned temperature minus sirain-free temperature
(°F), DELT = TLO-SFTEMP

a = Bore radius (in), R2

b = Propellant outside radius (in), RF

r = Radius at which calculations are being made = a when

bore strains are being calculated
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nt = Intermediate function defined in E:y {2) for thermal
loading of the grain, SIGTHM

2
[‘g’ - 1][ 1 - VCZ ] (b)(E_ )
1+ v)(h)(E ) (2)

bZ
Q- [(l-zv)(;> +1] +

g R

E . = Equilibrium modulus of prcpellant for use in thermal

P 1nading (;:8i), MODET
Ec = Tensile modulus of case (psi), MODCAS
H
h = Case wall thickness (in), TCASE H

Total strain found by Eq (1) is composed of mechanical (Ey,) and thermal
(Et) components; the mechanical component is compared to strain endurance }
capability of the propellant to determine the structural margin of safety

€ m T fetT't
= < - a
gt a (AT) (3)
: where « m Meehanical honp strein imposed on nropcllant due i
\ to low tereperature storage (in/in), EPT '
« ot = Total hoop strain impnsad on propellant :lue to low
temperature storage (in/in) :
€ ¢ = Thermal strain (in/in)

For hoop strain imposed by ignitior pressurization at low teraper-
ature (Table II, Reference 1), which are superimposed on those strains
due to thermal shrinkage

A +y)(P) 2 2 2 i
- b 2(1-
€ = 2 1-2y + (=) - el-y) - b b ] :
a PP p | j
(4)
5
where € 9p =  Hoop strain due to pressurization (in/in), EPPF l

P = Ignition pressure (psia), PIGN i

E = Modulus of procellant appropriate for ignition pres-
surization rate and temperature (psi), MODPP

Q = Intermediate functin defined in Eq (5) for pres-
surization loading of the grain, SIGPR
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and al)l other nomenclature is the same as before,

2
b2 (@ -1)[ 1vi]ene,y)
L U AW EIE,)

A complete development of these relations is given in Reference 17.

When calculating strains in the CP portion of a grain, a = R2 =
radius of CP port, and imposed hoop strains will be found directly from
Eqs (3) and (4) for thermal (EPT) and pressurization (EPP) conditions,
respectively,

When calculating etrains in the valley of star or slotted portions
of the grain, a = radius to "bottom' of valley for use in Eqs (3) and (4).
Then imposed strains are found by

EPTS = Thermal strain in valley = (K) (EPT)

EPPS = Pressurization strain in valley = (K)(EPPF)

(6)
(7)

where K = concentration factor. Figure 77 shows a section of a typical star
geometry., The general form of the squation for the concentration factor is

2
K = _A._'Tl__ H
2\
in which A = b/a and H depends on the geometry of the star., When the
angle fis zero, H is given by

L ~1/3 a+h a
H=N \/b_a 1+2 *\/‘S_

where N = Number of star points (2= N< 8), NSLOTS
p = Fillet radius (in) between star point and web, R4
B = Included angle (deg) of valley in star or finocyl

grain, BETA

There are three basic types of ""star' configurations of interest
here. They are the finocyl, the star and the wagon wheel, shown in

(8)

Figures 78, 79 and 80, respectively. They will now be discussed individ-

ually.
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Finocyl

The angle 8 of the slotted tube section in Figure 78 will always be
less than 40° because of design practice, Figure 81 shows the dependance
of Honfl, For g8 less than 40° the effect on H is small, so for this con-
figuretion Eq (9) will be used to calculate H,

As an example, consider a finocyl geometry (Figure 78) with a = 4,
b=5,d=2p=1, N=5andg =2]° In this case His given by Eq (7),
H=11.6789, Then A =1,25and K = 2,10 from Eq (8).

Star

In the star configuration of Figure 79 the angle 8 will not necessarily
be less than 40°, Furthermore, the width of the end of the star valley, d,
may be larger than twice the corner radius, p, Modificationa to Eq (9)
are in order for either or both situations, Consider first the case in which
B is larger than 40° and d = 2p, In this case H is given by

-1/3

- N 1 a/ (10)
H = H* G 1

+ |+
(oS 8\

in which H* is selected from the graphs in Figure 81 for the proper g and
a/b ratio,

In the case of d>2p and 35 40°, the H* is selected from Figure 82
which gives the dependance of H on the d/2p ratio, and Eq (10) is used to
calculate H. .

When 8 >40° and d/2p >1 concurrently, H* must reflect both facts.
Define a factor, F, as

F = Hx (d/2p)/H*(1) (11)

where H* (4/2p) = Photoelastic parameter obtained from Figure 82 at the
currert vaiue of d/2p, HSTAR2
H*(1) = Photoelastic parameter obtained from Figure 82 at
d/2p =1, HSTARI

Then H is calculated using

-2/3 2
. 1 a/ '
H = FHx () 1 (12)

+ |+
NN
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From: CPIA Publication 214, pg. 3.68
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Figure 81. Negative Wedge Angle Test Results, N =4, a/p = 12 o




From: CPIA Publication 214, pg. 3.63
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where H* = photoelastic stress parameter, HSTAR, and is cbtained from
Figure 81 using the curr.ant value of 8.

Consider another example withd = 1,6, p = 0.5 and the other
dimensions the same as in the previous example, H is calculated using
Eq (10) with H%* obtained from Figure 82, H* = 14,2, H = 11, 0683 and
K = 1,99, Notice that widening the star width, 4, lowers the concentration
factor, K.

Wagon Wheel

The effect of the wagon wheel (Figure 80) included angle @ on i is
shown to be pronounced in Figure 83, Furthermore, d/2p will generally
be greater than one, so the factor F in Eq (11) must be utilized wicth H*
given in Figure 83 for the a of the slot to determine H from

~2/3
N 1 +2%Va/ "1 +

+
L

Comparison with Propellant Capability

Nominal strain endurance is furnished by the user as a fixed value
or can be calculated with a user-supplied model {see User Models section
of this volume), Design strain endurance is derived from the nominal
value by accounting for statistical variations in the nominal and the degra-
dation due to aging

SEDES = SENOM|[ 1 - (3)(CVPS) ] [ 1- AcE] (14)
whez e SEDES = Design strain endurance (in/in)
SENOM = Nominal strain endurance (in/in)
CVPS = Coefficient of variation of strain endurance
(% x 0.01)
AGE = Fraction of propellant strain endurance los t

as a result of aging.

After applying a factor of safety to the predicted strain, appropriate
margins of safety are calculated

i SEDES )

MSP = FSPs)EPT) ! (15)
. SEDES

MSPS$ = TFSpS)EPTS) (16)
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Photoelastic Stress Parameter, H*

From: CPIA Publication 214, pg. 3. 66
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Figure 83, Positive Wedge Angle Test Results, N =4, a/p = 8
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where MSP = Margin of safety for storage thermal strain
in CP portion of grain

i MSPS = Margin of safety for storage thermal strain in
slotted portion of grain

FSPS = Factor of safety for propellant thermal strain

If the margins of safety are less than zero, penalties are calculated and
surmr.med into the overall penalty function

If MSP< 0,0, OBJPS = (MSP)? 10° (17)
If MSPS <0, 0, OBJPSS = (MSPS)2 10° (18) 3

Strains due to ignition pressurization are compared with a user -supplied
maximurn limit (EPPMAX) and appropriate penalties calculated

3 If EPP > EPPMAX, OBEPP = (EPP-EPPMAX)2 10° (19)
If EPPS > EPPMAX, OBEPPS = (EPPS-EPPMAX)2 10° (20)
Algorithm Summary l

The following outlines give the algorithms used to evaluate propel-
lant structural integrity, referring to the equations numbered as above and
the accompanying figures, and employing the nomenclature used in the
individual grain setup subroutines (see Volume 1I for definitions). Also
shown is the internal code nomenclature from the ballistic siinulation modute.

i g ade

Grain Type 1 (Star)

e

R2 = RFA1-TAUW! = PLANE (1,4) - PLANE (1, 5)
R4 = R5A1 = PLANE (1,10) E
RF = RFAl = PLANE (1,4)
DOVERP = LITD/(2)(R4), where LITD calculated in SETUP!
subroutine

If BETA = 40, and DOVERP =1.0
SIGTHM from Eq (2)

— i

SIGPR from Eq (5) ;’
EPT from Eq (3)
EPP from Eq (4)
K from Eq (8)
EPTS from Eq (6)
EPPS from Eq (7)
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If BETA = 40 and DOVERP >1,0

HSTAR
SIGTHM
SIGPR
EPT
EPP

H

K

EPTS
EPPS

from Figure 82 at DOVERP and R2/RF
from Eq (2}

from Eq (5)

from Eq (3)

from Eq (4)

from Eq (10)

from Eq (8)

from Eq (6)

from Eq (7)

If BETA >40 and DOVERP =1,0

HSTAR
SIGTHM
SIGPR
EPT
EPP

H

K

EPTS
EPPS

from Figure 8] at BETA and R2/RF
from Eq (2)

from Eq (5)

from Eq (3)

from Eq (4)

from Eq (10)

from Eq (8)

from Eq (6)

from Eq (7)

If BETA >40 and DOVERP>1,0

HSTARZ
HSTARI
F
HSTAR
H
SIGTHM
SIGPR
EPT
EPP

K

EPTS
EPPS

from Figure 82 at DOVERP and R2/RF
from Figure 82 at DOVERP = 1 and R2/RF¥
from Eq (11)

from Figure 81 at BETA and R2/RF
from Eq (12)

from Eq (2)

from Eq (5)

from Eq (3)

from Eq (4)

from Eq (8)

from Eq (6)

from Eq (7)

Grain Type 2 {Wagon Wheel)

R2
R4

g N

RFAl-TAUW1 = PLANE (1,4) - PLANE (1, 6)

R5A1 = PLANE (1,10)

RF = RFAl = PLANE (1, 4)

DOVERP = LITD/(2)(R4), where LITD calculated in SETUP2
subroutire

HSTAR2 from Figure 82 at DOVERP and R2/RF

HSTAR 1 from Figure 82 at DOVERP = | and R2/RF
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F from Eq (11)
! HSTAR from Figure 83 at ALPHA and R2/RF
H from Eq (13)
SIGTHM from Eq (2)
SIGPR from Eq (5)
EPT from Eq (3)
EPP from Eq (4)
K from Eq (8)
EPTS from Eq (6)
EPPS from Eq (7)

Grain Type 3 (Finocyl)

For Slotted Region

R2 = R5A1 = PLANE (4,9)
RF = RFAl = PLANE (1, 9)
R4 = R4Al = PLANE (1, 8)
SIGTHM from Eq (2)
SIGPR from Eq (5)

EPT from Eq (3)

EPP from Eq (4)

H from Eq (9)

K from Eq (8)

EPTS from Eq (6)

EPPS from Eq (7)

For CP Region

R2 = R2Al0 = PLANE (16, 6)
RF = RFA3 = PLANE (3, 4)
SIGTHM from Eq (2)

SIGPR from Eq (5)

EPT from Eq (3)

EPP from Eq (4)

ik

Grain Type 4 (Conocyl)

R2 = R2A3 = PLANE (3, 6)
RF = RFA3 = PLANE (3, 4)
SIGTHM from Eg (2)
SIGPR from Eq (5)

EPP from Eq (4)
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Grain Type 5 (CP)

R2 = R2A5 = PLANE (5, 6)
Rf = RFA5 = PLANE (5, 4)
SIGTHM from Eq (2)
SIGPR froin Eq (5)

EPT from Eq (3)

EPP from Eq (4)

Figures 81, 82 and 83 are described in the code as Tables, each as an
individual subroutine; these subroutines are named FIG5, FIG6, FIG7,
respectively, to correspond to a figure numbering system of the Reference
25 report.

A two-dimensional plane-strain model is nsed to calculate propellant
strain due to lowetemperature storage and ignition pressurization. Such a
model accurately describes the propellant behavior at a point mid-way along
the grain length when the grain length-to~diameter ratio (L/D) is equal to
or greater than about seven. For L/D €7, or for locations near the grain
terminations, the plane-strain models give very conservative nredictions
because the end effects (three~-dimensional) that relieve the strain are not
accounted for in SPOC. Strain predicted for a propellant valley or slot will
aiso be conservative near the ends or for short slots.

The propellant structural analysis is not conservative at the hinge
points of atress relief flaps and at the transition between propellant slots
and CP regions. Both of these areas represent highly three-dimensional
conditions that are not amenable to preliminary design calculations used in
SPOC., Consequently, there is the inherent assumption that the bore
conditions are the critical locations. Provisions have been made to include
volume and weight allowances for stress relief boots ellipsoidal closures,
even though their final configuration is dependent on more detailed analyses,
The transition section between slots and cylindrical port may require a
special configuration to limit imposed strains; another way to achieve the
same results is to specify about 7 degrees as the angle on the side of the
slot (ALPHAL) of a finocyl grain (Type 3),

Thermal strain in the propellant due to low-temperature storage
is comnpared with design "strain endurance (nominal strain endurance
reduced for mix-to-mix ¥ariations and aging degradation), Strain induced
by ignitior pressurization is compared with a user-input maximum limit,
This latter 1limit should be derived from tests that measure strain capability
at rapid strain rate (to simulate igni:ion pressurization on test specimens
conditional to the design lowetemperature and already strained to the level
that will be induced by low temperature storage.
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TRAJECTORY SIMULATION

Analytical Relationships

The trajectory simulation is based upon a mathematical model of the
flight dynamics of a point-mass missile flying a two-dimensional path in the
altitude/range plane over a flat earth, Forces modeled are restricted to
thrust, drag, and weight. The ballistic trajectory restriction assumee
missile orientation such that lift ie always zero, A symmetrical missile is
assumed, resulting in angle of attack always being zero. At zero angle of
attack, drag and axial aerodynamic force are vgqual. There is, therefore,
no need to differentiate between the two common force-accounting systems
(body oriented or flight-path oriented),

The time-dependency of thrust and propellant weight is included via
the output of the motor ballistic simulation subroutine. Instantaneous missile
weight is taken as launch weight less the integral of motor weight discharge
rate, Variation of drag with Mach number is described through a user-
generated input table, Provision is made for separate aerodynamic data to
be input for power-on and power-off phases, The variation in atmospheric
properties with altitude is modeled from the 1959 ARDC STD Atmosphere and
the MIL-STD-210A Tropical, Polar, Hot, and Cold Atmospheres, The user
shall choose one from among these choices, Required integration of time-
dependent parameters is accomplished using a fourth-order Runge-Kutta
procedure,

It is assumed that the missile will be air-launched and that no on-
launcher kinematics will be included, Launch conditions are specified by
altitude, Mach number, and flight-path angle. A pre-boost glide phase is
not included, i.e,, boost ignition occurs at the instant of iaunch, Provision
is included for two flight phases; (1) rocket thrusting and (2) post-burnout
glide, The user has the capability of terminating the trajectory esimulation
by his command. . He may specify a termination upon zchieving a selected
value for (1) time of flight from launch, (Z) time of flight after boost burnout,
(3) slant range, (4) horizontal range, (5) altitude (either approaching from
above or below), (6) missile Mach number, (7) missile velocity, (8) flight path
angle, (9) missaile acceleration along the flight path, or (i0) range along the
flight path. Also terminr.tion may be commanded upon ground impact or
boost burnout. The boost phase is always completed unless ground impact
occurs first, The termination commands apply only at or after boost burnout,
Termination upon ground impact will be automatic should this occur before
user-commanded termination,

The trajectory analytics are shown on the following pages,
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(y)

Altitude /&
Q /

Horizontal Range

(x)

dv

Ay = _d_t_L = (—i—)(Tcos (90-y) - W ~ Dsin y) (1)
A _ dvx - _g___ 'T . 90 D 1
x  dt = ( NTein (90 - y) - Dcosy) : ,
L y = arc tan (y\;i‘) (3) !
L !

2 2
vV = {Vx +Vy (4)
VXL - VL cos YL W = WL - [Wp dt (5)
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Vy, . Vp sinyg T = T_ - PA

L =

SR = ‘\/ x-x )% + (v-v. )
Y=ijdt+YL D=CDqA
x:fv:gduxL q = (-%‘);::VI2
w e
NOMENCLATURE
A Aerodynamic reference area for the missile in £t2,
C Ambient sonic velocity in ft/sec.
D Missile drag in pounds.
g Gravitational constant in ft/sec”.
M Missile flight Mach number.
P Ambient pressure in pounds/'mz.
q Freestream dynamic pressure in 1bs /ft2
t Time in seconds,
T Thrust in pounds,
v Missile velocity in ft/sec,
W Missile weight in pounds.
X Range in feet.
Y Altitude in feet,
. . . ce s 1b-sec”
0 Ambient air density in oy e
v Flight path angle {n degrees,
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2
rmrtical acceleration in ft/sec .
. 2
Hnrizontul acceleration in fi/sec”,
. Y A
Nozzle exit area in in ,

Missile drag coefficient.

Vacuum thrust in pounds.

Missile velocity at launch in ft/sec.

Horizontal component of missile velocity in ft/sea,
Vertical component of missile velocity in ft/sec,
Missile weight at launch in pounds,

Missile range at launch in feet,

Missile altitude at launch in feet,

Missile flight path angle at launch in degrees,
Propellant weight flowrate in pounds/sec.

Slant range from launch in feet,

Horizontal component of missile velocity at launch in
ft/ sec,

Vertical compouent of missile velocity at launch in ft/sec.
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Execution Logic

If the user sclects F'TRAJ=T in namelist CONTRL, a trajectory simu-
lation will be performed, Subroutine TRAJIN reads the user inputs and
digests the input data dnd subroutine TRAJ performs the simulation, TRAJ
is called by TRAJIN. If the user is analyzing a two-temperature problem,
and his inputs require running the trajectory simulation at both low and
high temperatures, then TRAJIN will be called only on the low tempera-
ture trajectory simulation (i, e., using the low-temperature thrust history).
The variable DELTAV (change in velocity) is used as a flag, and a non-zer)
value indicates that TRAJIN (and the subsequent low-temperature trajectory
simulation) have been run, Figure 84 shows the trajectory decision logic,

If any of the requirements associated with low-temperature trajectory
analysis are different from their default values (DE LVRQ >1, TTTRQ < .99E6,
or VIRQ >1), TRAJIN will be called with the low-temperature thrust history
tables., If this test falls, NOLO will be set to 1, which indicates no low-
temperature requirement has been specified, If the requirement associated
with high-temperature trajectory analysis is different from its default value
(ACLIM < ,99E6), and the ballistics simulation was performed at only one
temperature, the flag DELTAV indicates that TRAJIN should be =
called, If ACLIM <,99E6 and ballistics were run at both low and high temper-
atures, then the high-temperature thrust tables are used to run the trajectory
simulation. DELTAYV indicates whether TRAJIN or TRAJ should be called,

If the test fails, then NGHI is set equal to 1, which indicates no high temper-
ature requirement,

If the user inputs no low or no high temperature requirements, a
trajectory simulation will be performed only on the first and last passes
through the program if FTRAJ=T is selected by the user,

Ideal drag-free burnout velocity and axial acceleration are calculated
in subroutine FLT if FTRAJ=F (its default value). Velocity at launch is
assumed equal to zero, Burnout velocity is calculated at both temperatures
in a two-temperature problem, but the low temperature value is compared
with the requirement (DELVRQ). Axial acceleration is calculated at high-
temperature for comparison with its requirement (ACLIM),
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Integration Technique

For those instances in which it will be necessary to integrate time-
dependent variables, a fourth-order Runge-Kutta* numerical integration
procedure will be employed. This method is widely used because of its
many desirable cha:acteristics, including: (1) it is a single-step method
and is therefore self-starting, (2) its accuracy is great relative to the
independent variable step-size, (3) independent variable step-size may be
changed at any time without affecting previous computations, and (4) the
method is readily adapted to systems of simultaneous equations where integra-
tion in parallel is required,

The necessity for numerical integration in the SPOC computer code
arises as a result of the need to perform trajectory simulations, The rocket
motor weight discharge rate must be integrated to determine instantaneous
missile weight, The missile acceleration must be integrated once to deter-
mine velocity and again to determine displacement, The nature of these
integrations differ substantially and therefore the application of the Runge-
Kutta integration procedure to each will be treated separately.

Rocket Motor Weight Discharge Rate

The rocket motor internal ballistics subroutine will produce a schedule
of rocket motor weight discharge rate asz a function of time. This complete
schedule of motor weight discharge rate with time is known prior to any
trajectory integration being performed, The form of these data is a simple
stored table of motor discharge rate versus timme. The fact that the rocket
motor weight discharge rate is independent of missile flight dynamics
allows these data to be integrated separately from (i, e., not parallel to)
missile flight dynamics and therefore special simplifications apply to the
general Runge-Kutta numerical integration procedure. In this special
case where the derivative of rocket motor weight discharged with respect
to time is a function of time only, the general fourth-order Runge-Kutta
numnerical integration procedure defaults to the same scheme known as
Simpson's Rule. For this special case,

dwd

——— -

@ Wy =1 (10)
where ‘."d is the time-derivative of rocket mo tor weight discharged and is the
function to be integrated, The result of this integration is the decrease in
rocket motor weight (also the decrease in missile weight) to a given point in

*A Basic Course In Numerial Metkods; Ralph E, Ekstrom; reprinted from
Machine Design; October 26, 1967 through June 20, 1968; Penton Publishing
Co.; Cleveland, Ohio 44113
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time, In stepping through the numerical integration process from time -t
to time = t + At,

Wy = wy o+ (aY) (wy) (11)
t + gt t

where

w is the rocket motor weight discharged to time = t + gt

dt+At

w is the rocket motor weight discharged to time = ¢

4

At is the numerical integration step size

\'vd is the average value of \;vd between time =t and time =t + At

The numerical integration procedure is concerned with the evaluation of the
term ( At)(Wd) in equation (1)), For this special case, the fourth-order
Runge-Kutia method eatimates this term to be

(AL)(Wd) = (1/6)(ky + 4k, +k,) 62)
k, = (@b &dt (3,
k, = (At W (14)
1 d, , At
2
k, = (af) Wy (15)
t+ At

where

w . is the rocket motor weight discharge rate at time = t

t
; bt d : At
w ¢ is the rocket motor weight discharge rate at time = t + >
£+ A5
2
w is the rocket motor weight discharge rate at time = t + At
t+ At
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The mechanics of the numerical integration procedure consists of &
cyclic repetition of the fcllowing steps:

(1) The results from the '-:ock.et motor internal ballistics subroutine
1 make known the value of wg at time = t. Select a value
for At and compute k, from equation (13),

2) The results from the rocket motor internal ballistics
subroutine mukes known the value of w at time = t + At,

d
Then compute k1 from equation (14). t+at 2

2

(3) The r=sults fromn the rocket motor internal ballistics subroutine
makes known the vaiue nf Wdg At at time = t + At. Then

compute k, from equation (15),

A

{4) Knowing ko, kl' and k,, solve for Wd, + from equations (11)

and {1¢). &t
(%) Reset time t to t + At and return to Step (1). Continue cycling

until time becomes equal to motor burn time determined from
] the rocket motor internal ba'listics subroutine.

4 The above procedure defines rocket motor weight discharged as a
function of time from ignition to burnout,

Missile Acceleration

The rocket motor internal ballistics sabroutine will produce a scheriule
of vacuuin thrust as a function of tine, 7This complete history of vacuum
thrust is known prior to any mirsile flight dynamics integration veing per-
formed. The complete Listory of motor weight dinchurged during the burn
is also known, this inform.ation having been detsrmined &8s & result of the
previouely described integration. It foliows that the missile weight is known
a: any instant of time, The integration of missiie acceleration is then per-
formed in the following manner:

. = PR SR i E
a = dtx £(t, V., Vy) (16) 8 7t J(t Vo, y) amn i
where

ax is the missile horizuntal acceleration
ay is the missile vertical acceleration
Vx is the missile horizontal velocity

Vy ir the missile vertical velocity
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f () is the function defining missile horizontal acceleration and is the
system of equations numbered (2), (3), (4), (5), (6), (7), (8),
and (9) in the TRAJECTORY section.

j () is the function defining misaile vertical acceleration and is the aystem
of equations numbz=red (1), (3), (4), (5), (6), (7), (8), and (9)
in the TRAJECTORY section,

t is the independent variable time

In stepping through the numerical integration process from time = t
to time = t + At,

vV, + (At 1
Y, (A )(ay) (19)

v Vi, tlADE) (18

= A" =
Xt + At Yt + At

where

’\ixt + At is missile horizontal velocity at time = t + At

th + At is miasile vertical velocity at time = t + At

th is missile horizontal velocity at time = t

VYt is missile vertical velocity at time = t

At is the numerical integration step size

ix is the average of a between time = t and time = t + gt

The numerical integration procedure is concerned with the evaluation
of the terms (At)(&,) and (At)(®_ ) in equations (18) and (19) respectiveiy. The
fourth-crder Runge-Kutta numerical integration procedure sstimates these

terms to be
(at)@,) = (1 /6)(k0 + Z‘izcl + Zkz 4 k3}‘ (20) (5t)(i'y) = (1/6)(L0 + ZLl + BLZ + L3)
(1)

kg = (A £t Vo, Vy ) (22) Lo = (B (5 Ve vy, (23)
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k, = (m)f(u%—t. \r,(t + 5 vyt + 50
L1 = (At)j(t+AZ~t~-. v"t + -2—0-. vyt + -I-;_g)
k, = (At)f{ti-AZE’ vxt + l:_—l. vyt + ;l)
L, = (at)j(t + &5, Ve + ;_1: vyt —123)
ky = (AH) f(t + 4t th+kz' Vyt”"z’

Ly = (8t)j(t+ At Vi, * L V”t +1,)
where

f (¢, th, Vy )

j(t' vx'
t
uu‘%—

t

is the function £ ( ) evaluated at time = t, misusile
herizontal velocity = A and missile verticul velocity
t

=V
yt

is the function j | ) vvaluated at time = t, missile
horizontal velocity = Vo and missaile verticle velocity =

v t

kg L

(24)

(25)

(26)

(e7)

(28)

(29)

+=——. V. + —2) is the function £ ( } evaluated at time =

2 y 2

t 4+ AZE' missile horizontal velocity = vV,
t
Lo
and missile vertical velocity = Vy + i
t
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k L
j(t+ ﬁéf_ » Vo f -2—0- . Vy + _22) is the function j ( ) evaluated at time =
t t t+ Az_t,. miseile horizontal velocity =
! ko
: Ve t30 and missile vertical velocity =
N t
?' L
i 0
Y 2
t kl L t
f(t +A2' » V t 3 Vy + 3~ ) is the function f () evaluated at timleK =t +A—.
] t t missile horisontal velocity = th +_1, and
2
missile vertical velocity = Vy + _I_"_l
t 2
at ¥ ! at
. 1 R PR c s .
jt+ e th + 5 th + 5 ) is the function j ( ) evaluated alg time t + 2

missile horizontal velocity = V_ + and

x T2
t L!
missile vertical velocity = Vy + 3
t

Vy +L,) is the function f ( ) evaluated at time = t + At,
t missile horizontal velocity = V, + kz. and
missile vertical velocity = Vyt # LZ

f(t+ At v"t tk,,

ju+at v, +K
t

2 vy + LZ) is the function j ( ) evaluated at time =
t t + At, missile horizontal velocity =

Ve t K?_' and missile vertical velocity =

t
Vy)t + L2

The mechanics of the numerical integration procedure consis's of a :
cyclic repetition of the following steps: #

{1} The results of the rocket motor internal ballistice subroutine
determine the value of vacuum thrust at any point in time. , i
The previously performed integration of motor weight dis-
charge rate determines misaiie weight at any instant in time,
Selection of & value for At will now permit the determination

of ko and L, from equations (22) and (23) respectively.
(2) Knowing ko and LO' compute kl and L1 from equations (24)
and (25),

(3) Knowing kl and L;» compute kz and L, from equations (26)
and (27).
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{4) Knowing k, and LZ' compute k3 and L3 from equations (28)
and (29).

k., k,, k,, L, L,, L

0’ "1° "2’ 3 0" 1”2
(Ix) from equation (20) and (& t)(xy) from equatior (21), Knowing

(5) Knowing k , and L3 compute (At)

(At)(ax) and (At)(ay), solve for V and th + At from

Xt + At
equations (18) and (19),

(6) Resetttot + gt and return to step (1). Continue cycling vntil
a trajectory termination commmand is encountered, The result
will be a history of horizontal and vertical velocity throughout
the missile time of flight.

Missile Velocity

Once the integration of missile acceleration has been performed,
a history of missile velocity versus time is known throughout the entire flight,
Thus missile velocity is a function of time only and its integration will be a
special case similar to that previously described for motor weight discharge
rate. As was noted previously, this special case of the fourth-order Runge-
Kutta procedure defaults to Simpson's Rule, The integration of missile veloc-
ity may be performed either (1) in series with the integration of missile
acceleration (that is one after the other) or (2) in parallel with the integra-
tion of missile acceleration (that is both ai the same time). SPOC performs
acceleration and velocity integration in parallel, The integration of missile
velocity will define missile translation and is performed in the following
manner:

dx dy

il ML IUI a - Vy =W (31)

where

V is the missile horizontal velocity
x

V is the miseile vertical velocity
Yy

h (t) is the furction defining miasile horizontal velocity as a function
of time 7nd is the result of the previously described integration
of missile acceleration,

b (t) is the function defining missile vertical velocity as a function of
time and is the result of the previously described integration
of miseile acceleration.

In stepping through the numerical integration process from time =t

to time =t +At,
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] v = Y +(at(V
: X 4 at X, +anv)  (32) Yy, + (A8 y) 53)
'f where
Xt + At is missile horizontal range at time = t + gt
3 Y, + at is missile altitude at time = t + At

xt is missile horizontal range at time = t

Yt is the missile altitude at time = ¢t

At is the numerical integration atep size

V_ is the average miasile horizontal velocity between time = t
¥ and time = t + at

V_ is the averapge missile vertical velocity between time = t and
time = t + At

The numerical integration process is concerned with the evaluation
of the terms (At)(V_) and (At)(V ) in equations (32) and (33)respectively. For
this special case, the fourth-order Runge-Kutta method =stimates these terms
to be

ety

@tV < (1/6)(K, + 4K, +K,)  (34) (At)(Vy) = (1/6)(N, + 4N, + N,) (35}

!
K, = (m:)(vxt) (36) Ny = (At)(Vyt) (37
Ky = @tVu 4 pe) 039) Ny = A8y, o) (39) |
2 2
Ky = (08(Vyy | o) (40) N = (@Y (Vyy 4 o) (41)

where

V, is the missile horizontal velocity at time = t (obtained from previous
integration of acceleration)

VYt is the missile vertical velocity at time = t (obtained from previous i
integration of acceleration)
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Vi is the missile horizontal velocity at time =t + %S (obtained from
t+ Azﬁ previous integ.ation of acceleration)
th + At is the missile vertical velocity at time = t + Az—t- (obtained from
AZ- previous integration of acceleration)
\'J is the missile horizontal velocity at time = t + At (obtained from

Xt t
ta previous integration of acceleration)

th + At is the missile vertical velocity at time = t + At (obtained from
previous integration of acceleration)
The mechanics of the numerical integration procedure consists of a
cyclic repetition of the following steps:

(1) The results of the previous integration of missile acceleration
determines miasile horizontal and vertical velocity at any instant
of time, Select a starting time and gt, Solve for Ko and N0
fren: equations (39) and (37),

(2) Solve for Kl and N, from equations (38) and (39).

1

(3) Solve for KZ and N_ from equ.tions (40) and (41).

2

(4) Knowing Ko, Kl’ KZ’ NO’ Nl’ and NZ' solve for (At)(vx)

from equation (34)and for (At)(—\'f)r) from equation

(5) Solve for Xt + At from equation (32) and for Yt + At from

equation (33),

(6) Reset time ¢t to t + At and return to step (1), Continue cycling
until a trajectory termination command is encountered. The
result will be a complete history of altitude and horizontal
range throughout the missile flight.

Integration Step Size Determination

In using any numerical integration procedure, the allowable error
at the end of each step determines the interval length. If the interval is
smaller than necessary, the number of computational cycles will be unneces-
sarily great and excessive computer run time will result, If the interval is
too large, computational accuracy will suffer. The desired compromise is
to select an interval sufficiently large to just avoid «xceeding needed accuracy,
The needed accuracy now becomes a judgement criterion and must be either
user atated or implied within the code. Probably a separate accuracy criteria
would be needed for each integrated parameter, The subastantial increase
in complexity required of variable step size intagration logle wan not danmead
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fixed atep-size integration
being a user-input fraction of
post-burnout coast flight is aiso
multiple of the boost powered

to be justified, SPOC has been written to usc
logic during powered flight with the step size
motor burn time. The integration step-size
fixed, but at a new value equal to a user-input

flight trajectory step size.
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COST

Two options are available to estimate costs, One uses the Tri-
Services Cost Study results; the other employs a model supplied by the user
(see User Model section of this volume), Either option is initiated by aetting
FCOST = T in the namelist CONTRL. I the Tri-Seirvices model is desired,
nothing more is required, If a user model is rupplied, CSTMDL = T must
also be included in CONTRL.

Tri-Services Cost Model

1 This option employs the general cost relations for steel-case motors
developed in the Tri-Services Cost Study (Reference 18). F irst unit pro-
ductior coat (BFUCST) of the basic motor is found from

BFUCST = (4. 493)(WMOTOR)" 1396 (15p)% 711 ) _mp) 1828
where )
3 WMOTOR =  Total motor weaight (1bm)
ISP = Delivered specific impulse, 70°F (lbf-sec/lbm)
MF =  Motor mass fraction

If a single-ternperature problem is being run, ISP70 calculated for that
simvlation becomes ISP, If a two-temperature problem is being run, ISP
is estimated by

In (ISP) = In (ISPHI) - [ THI-TLO.

THI-70 ] 1n (ISPHI/ISPLO) ) ]

Then BFUCST is adjusted for the components such as igniters, blast
tubes, etc., using the factors in Table 6. The code user must select from
Table 6 those muitiplicative fectors which apply to his particular problem;
the product of theae individual values are input as MULFAC, Two compo- ]
nents are additive factors: igniter and safe-and-arm device; an appropriate i
sum is input as ADDFAC. Thus, the motor first unit precduction cost (FUFCST) 1
is

FUPCST = (MULFACHBFUCST) + ADDFAC (3)

The expected level of production is used to adjust the first unit cost
to the average unit cost, Two adjustments are needed: production rate :
(PRATL) and production quantity (PQUAN)., Learning curves of 96% for pro- !
duction 1ate and 94% for production quantity are employed for this adjustment

et A e eaa A

-0, 0589

PRATEF = 1,314 [(PRATE) - (l/PRATE)] (4) 1

-0,0893

PQUANF =1, 098 [ (PQUAN) - (l/PQUAN)] (5)




TABLE ¢

PRODUCTION COST FACTORS
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Adjustment Facter
¢ Case Attachments
] Forward attachment to missile 1.11
Launch lugs, aft of pressure vessel 1.07
Launch lugs, un pressure vessel, integral 1.13
launch lugs, cn pressure vessel, strap-on 1, 07
Fin attachment, dovetail, untapered 1.20
Fin attachment, dovetail, tapesred 1,30
Fin attachment, folding 1,25
Fin clipa, fixed 1. 07
E c  Blast tube 1.09
o Canted nozzle 1.05
o GQGrain
Dual thrust, single grain 1. 04
Composite smoky 1.00
Composite reduced smoke 0.98
Double base smoky 1.28
Double bases minimum smoke 1.44
Dual thrust, dual grains: 1.12
High burn rate, greate: than 1,5 in/sec 1.12
High burn rate, greater than 3,0 in/sec 1.30
Free standing grain, internal burning 0. 80
Free standing graia, internal/external 0. 80
burning
o Inert slivers 1,07
o  Exte:rnal insulation 1,05
o  Thrust vector control
Liquid injection TVC 1.30
Flexible nozzle 1.40
Hot gas bleed 1.49
Warm injection and jet interaction 1.30
Jet vanes 1,35
Jet tabs 1.37




Table 6 (Continued)

PRODUCTION COST FACTORS

Adjustment

o Boost/Sustain

2:1 through 5;1
6:1

7:1
8:1
9:1
0:1

|

o Pulse Mode
One One pulse (two grains)
Two pulse (three grains)
Four pulse (five grains)

o Thermal cookoff

o Thruast termination

Propellant extinguishment
Thrust reversal

o Wire harness
o RI filter
o Igniter (additive)

o Safe/arm (additive)

Manual
Remote
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Factor

1.04
1,06
1.08
1,10
1. 14
1.20

1.33
1, 64
1,80

$336

$462
$2217




Thus the average unit production cost is

AUPCST=(PRATEF) I'QUANF)(FUPCST) (6)
and the total production cost becomes

TPCST = (A UPCST)(PQUAN) (7

Costs for deveiopment (DEVCST), pru-flight readiness tes'ing (PFRTCS)
and qualification (QUALCS) are estimated by

DEVCST =((0. 00379)(ISP){BFUCST) + 261,) 1000 (8)
QUALCS =((0, 000736)(ISP)(BFUCST) + 51.) 1000 (9)
PFRTCS = ((0.000736){ISP)(BFUCST) + 51) 1500 (1c)

Eq (9) and (10) are invoked only if specified by che use (QUAL = T and PFRT =T,
respectively).

The total project cost (COST) is
COST = DEVCST + PFXTCS + QUALCS + TPCST (11)

This parameter can be used mercly as other data by which the user evaluates
the design, or by gelecting ICHOLE = 1, COST becomes the parameter to
be minimized by the optimizer.

User Model

As described in the User Model oection, the user builds his own sub-
routine, including whatever common blocka that are necessary to provide
his model with the necessary input from other parts of the code. The param-
eter COST must be supplied for optimization,
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COMBUSTION STABIL ITY ANALYSIS

Recognition that propulsion system mission failure or degradation
can result from the effects of combustion instability has led to increasing
emphasis on combustion stability as a design parameter. Accordingly,

i motor stability was deemed a necessary optimization parameter. The one-
: dimensional longitudinal Standardized Stability Prediction (SSP) (Ref. 19)
was selected for use in this program due to its general acceptance in the
combustion community and ger.eral agreement with experience (Ref. 20 ).
The stability analysis module is a version of SSP that has been modified

to reduce execution time and to include various desirable options and fea-

3 tures. The code is tailored for use as an optimization tool and to add two

& additional combustion response models.

Except as noted iu the following discussion, the same philcsophy,
theory and general coding logic are used as in SSP and will not be repeated
in this report. The vast majority of variable names are the same as in
SSP, so the coding will largely be familiar to persons experienced with the
coding in SSP.

Figure 85 is a diagram of the general organization of the stability
analysis code block, Entry to thie stability analysis is accomplished by
calling subroutine E488M2. The majority of the required data is trans-
ferred by way of Common. User input has been minimized by the internal
data transfer and by selecting the optione considered imost appropriate
to tactical rocket motors., The only direct user input namelist is STABIN,
in which the user may specify the number of modes to be analyzed and the
combustion response model to be used. Default values are provided, so
even STABIN inputs are not required.

e odat i

Figure 86 shows the locations of the twenty ''sections'' used to describe
the motor cavity for stability analyses, and their relationships to the four
' gtations'' in the head-end and nozzle-end portions of the grain and to the
tourteen ''planes' used to define the center portion of the grain. For closure
Type 1: (1) Sectior. : is the closure itself prior to ignition; (2) Section 2 is
essentially non-e»stant at ignition, but grows in length as propellant is
consumed (Figure 86 shows it at an intermediate position); (3) End burning
surface at the aft end is part of Section 18. For closure Type 2: (1) Section
1 length does not char ze during burning; (2) End-burning surfaces are part
of Section 2 and 18 at the forward and aft ends, respectively; (3) Sections 2
and 18 increase in length and Sections 3 and 17 decrease in length as pro-
pellant is consumed if the grain ends are not inhibited (otherwise their length
stays constant), Table 7 gives the sources of all data used in the stability
analysis.
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Calling d *-(:OIHIHO.;\‘ ) o
Subroutine Data STADBIN 1?
) y
| !
E488M2 INPUT ] ;
F Time RATESB
4 Loop
(K)
3 Input
LE Data
UBCALC ~— CROSS 1
MODCLC ACOUST
— CROSS 2
Mode g EXIT
Loop ‘
(J)
INTGL G2F2FG
STBINT SBPHAT
SBQBAR
RSPNSE ABMODL
INT4D
Output
PT1LSTB Data
Stability
Peralty

Figure 85, Block Diagram of Combustion Stability Subprogram.
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Type 1 Closures

LHMK QO OO O 9 Lasa
B e

/ < L/
' U
._'T_]J‘Jb = ) —-———-HE‘L‘ ()03 “""’7

Type 2 (or 3) Closures

Q Balliatic Plane Numbars (Ir], NOFLNS; NOPLNS = 14) ]
{0 stauility Section Numbers (Iz]1, NSEC: NSEC = 20)
{y Ballistic Station Numbers for End Closures

Section 19 to Mach 0,2 in noszle
Section 20 to Mach 0,5 in noszle

Figure 86, Location of Stability Section and Ballistic Planes
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E488M2

This {s the control subroutine. It was derived from SSP/MAIN,
SSP capabilities and subroutines deleted (because not needed) were

SSP/TABUL Mode shape data print

SSP/1PD Farticde damping

SSP/IWD Wall damping

SSP/IDC Distributed combustion
SSP/GFTERM Flandro term

SSP/HYMOK Effect of kigh Mach numbers
SSP/NLVC Nonlinear velocity coupling
SSP/PTNLVC Nonlinear velocity coupling print
SSP/MOLCUP Mode coupling

Although SSP/TABUL was deleted, UBAR is printed as MACH in
INPUT and the effects of mode shape may be examined by examination of
the partial integrals DAPL, DAPE, DALV and DAFT added and printed
in PTLSTB. Particle damping and distributed combustion were deleted
on the arguments that most current tactical rocket motors employ
reduced or minimum smoke propellants with small concentrations of
particulates. Wall damping was alao deleted for small effect: most tactical
motors have minimal non-burning surfaces. Mode coupling, high-Mach
effects and the Flandro correction were dropped Lecause of their contro-
versial status. Nonlinear velocity coupling was deleted on the basis
that the nonlinear effects would be negligible for motors with optimized
(high) stability. However, in connection with this last decision, the
linear coupling (now calculated in STBINT) was changed to calculate nen-
gero partial integrals only for sections with average velocity greater thtn
the erosive burning threshold velocity specified in the ballistic analysia “.

The logic flow of E488M2 differs little from SSP/MAIN. The
remaining stability integrals ure all calculated in STBINT, The response
calculations have been removed from PTLSTE and now constitute subroutine
RS PNSE.

The job stacking capability of SSP has been replaced with a formal
time loop (K = 1, NTIMES). The internal variable NTIMES is selected by
the calling program. For the initial and final stability calculations with full
print-out, NTIMES = 20. The times are internally selected to furnish the
data required for stability analysis (principally via common/TIMDAT/)
at five-percent intervals of propellant weight burned, from 0% through 95%.

(I)Erosive burning threshold velocity determined from critical Mach number
(MCRIT), which is user input or internally calculated. MCRIT corresponda
to code internal designation of KR3.
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The use of weight hurned avoids the requirement for pre-knowledge of

burn times and thereby evaluates all designs on a more consistent basia.
This tactic provides thorough mapping of stability parameters for any
pressure-time history without requiring user input. For PATSH usage,
NTIMES is reduced to 4, with the times selected to furnish the internal
stability inputs at weight-burned fractions of 5%, 25%, 55%, and 95%., The
uneven spacing provides even coverage for either level-thrust or boost-
sustain designs. This spacing also matches the theoretical trends of

the individual stability integrals due to the fractional change ratio of internal
volume, port area or Mach number by shifting the time pointe earlier in burn
where the change rates are greatest.

The usual error-squared type of penalty function usually associated
with PATSH has been replaced with the one-sided penalty function ORSTAB,
shown in Figure 87, The argument HMIN is calculated in PTLSTB as the
minimum value of H for all modes analyzed at all times during burn.
where H =- ALPHA/(2*PI*FREQUENCY). In this context, H poaitive is
good (stable) and H negative is bad (unstable). Recent work on flow-driven
oscillations uses H as a measure of resonant gain (Ref 21), and therefore, of the
amplitudes of oscillations as well as of stability. The penalty function OBSTAB
isdivided into three regions: unstable (HMIN < 0, 00001), extremely stable
(HMIN > 0.2) and the region in between where optimization is useful., The
unstable region is clearly unacceptable and large values of OBSTAB will drive
the design rapidly toward stability.

In the extremely stable region, improved stability would only require
compromise of the other parameters, so OBSTAB remains constant at zero.
A hyperbolic function in between rapidly drives the design to more than
neutral stability, but with rapidly decreasing stress on other parameters
as stability approaches '"'rock stable',

INPUT(K)

The input subroutine performs five functions

© Read/write user inputs via namelist STABIN

o Default and/or diagnose inconsistent STABIN inputs

o Transcribe the internally transferred/TIMDAT/data to
SSP data arrays without the time subscript

o Perturb local pressure and Mach number to calculate pressure
and velocity exponents

o Write the input data set used for each time point

The read and write functions are controlled by IREAD and IPRINT
transferred from the calling program. Namelist STABIN permits the user
to specify the number of modes to be analyzed (NMODE) and to specify
response functions, The default value of NMODE is four. This value is
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consistent with the general observation that longitudinal stability problems,
if any, will usually arise orly in the lower modes. The value also exceeds
the longitudinal stability analysis requirements usually found in AFRPL
procurements. Although occasional higher mode oscillation problems have
been encountered, it is expected that NMODE = 4 will be adequate for all but
extreme cases. :

The response function inputs and defaults are discussed in sub-
routine RSPNSE, The pressure and velocity exponents are discussed in
the section on subroutine RSPNSE,

Although the formats have been changed and additional data printed,
the printout from INPUT closeiv follows SSP.

UBCALC

This subrcutine calculates coefficients of burning perimeter and
port area variation with length and calculates the volume current (CAPQ)
at the upstream end of each element. Except for deleting the wall and particle
damping sections and streamlining, the subroutine is virtually ide:tical to
SSP/UBCALC,

Usage of SSP for submerged nozzles, with NSEC = 20 (and NNOZ
<20) is believed to have resulted in numerical error due to the (J+1) subscripts
in the 'DO 80-- 'loop in UBCALC. That problem has hct been addressed
in the present program, in that submerged nozzles are not available in SPOC.

MODCLC, CROSS1, CROSS2, ACQUST

These subroutines solve the acoustic flow equations for the standing-
wave mode frequencies using an iterative search method. They are derived
from SSP/MODCLC, SSP/CRSVDX, SSP/CRSVD2 and SSP/ACOUST,
respectively., Particle damping and the SSP print option NDUMPI1 were
deleted. The call arguments were changed by adding commons. This was
the only section of the stability analysis in which appreciable difficulty
arose when single precision arithmetic (24-bit floating- point mantissa) was
used. Occasionally, the search would locate a mode frequency, but be
unable to satisfy the nozzle boundary condition of U=0 and finally skip
on to the next mode. The actual test argument (VAZERO) was 1 x 10”7,
When the te: t was relaxed to 1 x 10'5, no more difficulties were encountered.
However, errors in the fifth significant figure of stability integrals were
noted in changing from 56-bit to 24-bit mantissas, Consequently, the user
of computers with more than 24-bit mantissas should examine the effect of
restoring UAZERO to ite SSP value. UAZERO is specified in a data statement
at the beginning of CROSS2 and is accompanied by appropriate comments.
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INTGL, G2F2FG

These subroutines calculate the mode amplitude integrals required
in STBINT to calculate the stability integrals, INTGL was derived from
SSP/INTGRL by deletion of wall and particle damping integrals and calculating
several SSP function subprograms, in the code stream, The remeining
SSP function subprograms were combined into a single subroutine G2F2FC.

STBINT, SBPHAT, SBQBAR

Subroutine STBINT combines the SSP stability integral subroutines
SSP/IPCLAT, SSP/IPCEND, SSP/ILNVC, SSP/IFT and SSP/IND, Sub-
routines SBPHAT and SBQBAR are very mild revisions of SSP/SBPHAT
and SSP/SBUBAR. respectively. As a group, these subroutines czlculate
and store each required stability integral over the length of each geometry
section. This tactic permits variation of the combustion response functions
along the lengih of the motor (in subroutine RSPNSE) and also permits
examination of the contribution of each section to the overall stability marzin,
The partial integrals are printed in subroutine PTLSTB.

RSPNSE, ABMODL, INT4D

Subroutine RSPNSE was created to calculate combustion response
in each section of the motor. It replaces the tabular input/interpolation
method included in SSP/PTLSTB. Four combustion response models may
be specified by the response option IRSPNS in namelist STABIN:

IRSPNS = 1 Tabular input as in SSP
2 Analytical model due tc Culick (Ref 22)
3 Empirical model due to Cohen (Ref 23)
4 Empirical model due to Hessler (Ref 24)

Preovisions have been made for insertion of a useredefined response model;
instructions are included in comments at the end of RSPNSE. The user's
model vrould be inserted into RSPNSE and the permissible IRSPNS t~st
changed in INPUT,

The tabular input option assumes that response is constant in all
sections of the motor with non-zero RBAR. The tabular input in namelist
STABIN is used to interpolate values of RPLAT, RPEND and RV at the
m “» frequency with FRES as abacissa. This was the only option in SSP,
"~ interpolation subroutine SSP/INT4D was replaced with ITERPI to
provide extrapoiation, This was necessary to avoid errnr when the user-
supplied FRES did not span all calculated mode frequencies.

Response options 2, 3, und 4 assume that the normalized combustion
response (CRPOVN) varies as a function of burning rate (RBAR) along the
length of the grain. Although only pressure-coupled response was modeled
in References 22 and 23, the models were extended to velocity-coupled
response using the methods of Reference 24.
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The essential assumption for the extension is that the combustion
response to heat-flux variaiions is largely controlled by the solid propellant.
Representing the combustion response as a complex variable, it follows that
the response normalized by the appropriate exponent is constant, regardless
of the source of the heat-flux variations. Reference 24 proposed that the
appropriate exponents satisfy the equation,

n
u

n
r = a(P) P ()

and could consequently be evaluated from erosive burning expressions.
This notion was implemented in INPUT by perturbation of the burning

rate subroutiné (RATESB or USERRB) used in the ballistic analysis

for the pressure/velocity field in each section of the motor. The resulting
exponents were added to the printout in PTLSTB as ENP, ENU and (for
end~burning surfaces) ENOQ.

It should be noteu that the perturbation necessarily defines the
existence and magnitudr ot A velocity coupling threshold (VT) if the burning
rate subroutine includes = ti;zeshold (either sxplicit or implicit) for erosive
burning., Subroutine RA L.}, for example, contains two thresholds. One
threshold is explicit (KX3) and on: implicit, depending on the relationship
between local pressure (f’), acoustic velocity (A), and the burn rate inputs
KR1, KR2, KR5, and KR6(1)

VT = A¥((KR1/KR5)**(1/KR6))*(P**({KR2/KR6)-1)),
The lower of the two threshold conditions controls.

Reference 24 points out that the velocity response defined in that fashion
(RU) differs from the velocity response defined for the SSP stability analysis
{RV) by a factor of the Mach number:

RV = RU/XMACH

Although turbulence effects on velocity coupling are not explicitly included,
this method does include turbulence effects implicit in the erosive burning
representation in the burning rate subroutine.

The final step in extending the models from pressure coupling to
velocity coupling is use of the observation that the pressure-coupled response
function required by the SSP analysis mathematics is the real part of the
complex combustion response due to pressure fluctuations. Similarly, the
velocity-coupled response function required is the imaginary part of the

1
( )KRI = A70, AHI, or ALO, depending on grain temperature; KR2 = XN;

KR5 = MPCOEF; KR6 = MPEXP
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complex combustion response due to velocity fluctvations. The combined
representation in RSPNSE, consequently predicts interactive effects hetween
pressure coupling and valocity coupling due to the variation of burning rate,
pressure and velocity along the length of the motor.

Response option 2 uses the two-parameter analytical combustion
response mode)l form:

Rp/n = AB/{ A + (A/A) - (14A) + AB)

derived by Culick from the work of several modelers (Ref 22). Lambda ()
is a complex variable function of the dimensionless frequency (OMEGA, ()
determined by frequency (F), thermal diffusivity (DFUSVT) and burning
rate (RBARY:

OMEGA = 2. * PL* F * DFUSVT/{RBAR * RBAR).

The model is implemented in subroutine ABMODL using complex variables,
For user computers with Fortran compilers that may not support complex
arithmetic, the needed real-variable coding is also supplied in comment
cards in ABMODL with comment notes for implementation. Response option 2
requires specification of the parameters (APARAM and BPARAM) and
DFUSVT in namelist STABIN,

Response options 3 and 4 each assume that the magnitude and frequency
of peak response are related to ammonium perchlorate (AP) oxidizer sizes
(DIAAP), tal AP concentration (CONCAP) and concentration of each size

(CONCD}:

MPEAK = FACPK * CONCAP * DIAAP *x PWR OF D
FPEAK = FCONST * RBAR/DIAAP.

It is also assumed that the relation between FF and OMEGA is constant, so

OMEGA = OMEGPK * F/FPEAK.

The summation method uged in Reference 24 for multiple oxidizer modes
has been used for both models to assure proper response at both zero and

infinite frequency. As both models were based on pressure-coupled T-burner
data, the real part of the response (RPOVNR) is used for scaling, for examplie,

ARPLI = ARPLI + TEMPR * ENP, where
TEMPR = CONCD * MFEAK ** XY, and the exponent
XY = FACXY * In (RPOVNR)

Reference 24 arbitrarily set APARAM = 14, and selected BPARAM to fit the
required curve shape. Using this method, two values of BPARAM were
required to fit the curve shape of Reference 23. The resulting empirical
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t constants for the two mcdels are listed in Table 8.

ETLSTB (I, K)

This subroutine performs the same functions as SSP/PTLSTB, The
code was rewritten deleting particle damping, wall damping, distributec
combustion and the Flandro term. In its present form, PTLSTB sums '“e
products of combustion response and the appropriate nartial integral along
the length of the motor, sums all calculated gains and losses toc determine
the total alpha (AL), calculates the fraction of critical damping (H) and HMIN
and writes the output for that mode.

TABLE 8
EMPIRICAL CONSTANTS IN COMBUSTION RESPONSE MODELS
BASED ON AP CONTENT

i s o

o

Cohen Model Hessler Model
IRSPNS = 3 4
APARAM 14, 14,
FCONST 6.0 2.25 :
PWROFD -1.0 -0.1 ;)
FACPK 1056, 0 9.5 |
(F < FPEAK) (¥ > FPEAK)
) BPARAM 0.9 1.3 1.4
OMEGPK 12. 069 12. 621 12.706
FACXY 0.764676 1. 42049 1.57824
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WEIGHTS

All weights are calculated directly from dimensions that are user
input or are internally generated, except for the following (which do not vary
during a given problem):

WOTHER (components credited to the propulsion unit)

o Environmental closure o Wing lugs
o Safe-and-arm device o Igniter
o Launch lugs o Miscellaneous

NP (missile components not credited to propulsion unit)
o Warhead o Wings
o Guidance and Control

These two weights must be determined by the user and supplied as fixed
inputs.

Thrust skirt weights also do not change during a given problem, but
the forward skirt length is needed to calculate overall motor length, and so
the code will calculate forward and aft akirt weights from input lengths and
thicknesses, An alternate approach is to include skirt weights as part of
WOTHER, input skirt thicknesses as zero and input an appropriate value
for forward skirt length; thus the calculated skirt weight will be zero but the
length is available for motor length calculations,

Provisions are made to include weight allowances for joint flanges,
even though there is no direct joint design and weight estimate made in the
code, For the pressure vessel, this allowance is achieved by adhering to
the designer's rule-of-thumb that the volume of metal removed to provide an
opening in the closure should be replaced in the flange surrounding that open-
ing for attachment of the mating component, Thus for the aft ellipscidal
closure (Aft Closure Type 1), the weight of the center segment shown in
Figure 88 is allocated to the aft flange on the case and is separately identified
as WFLGA. An allowance for the weight of the flange on the nozzle is pro-
vided by virtue of the nozzle computation scheme that measures all nozzle
thicknesses normal to the interior surface, Therefore, there is a portion of
the nozzle that can rightly be designated as ''flange'" (Figure 88 ), although
it is not identified as such in the code output, At the forward end, the closure
weights are calculated as if there were no opening, thus preserving the above
quoted rule-of-thumb, buf as with the nozzle, there is no special identification
of the forward flange weights,

There is a small volume of material accounted for twice, once in the
skirt volume and once in the ellipsoidal closure volume (Figure 89), There
is always a fillet between the skirt and closure and the duplicated volume makes
at least some allowance for this extra material,
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MISCELLANEQUS

Liner and Insulation

PIRppBE— e

Liner is described to SPOC as a single material having a conatant
thickness everywhere in the motor,

Two classes of insulation may be defined in the code; one ia allocated
specifically to protect the grain against the effects of external aerodynamic
heating and the other is to proteet the case against internal heating by the
3 combustion products,

Aerodynamic heating insulation is specified through input of a
thickness (TAEROI) and density (DELAI)., This insulation has a constant
thickness over the entire cylindrical portion of the case; there are no pro-
visions for aerodynamic heating insulation in the closures. The thickness
cannot be adjusted during a given machine submission.

Internal heating insulation is specified through input of a number of
thicknesses and a single value of density (DELINS). This insulaticn has a
constant thickness around the periphery at any giren longitudinal station,
but the thickness can vary along the length of the motor in accordance with
the input features provided for the different grain types. In particular,
this means that he internal insulation cannot be contoured to match a star
or wagon wheel grain; instead, the user must select an average thickness
with which to account for the volume displaced by the insulation, Internal
insulation thickness is not adjusted during a given machine submission; the
user must make a selection for the initial inputs at the different locations
in the motor based on his knowledge of what the heating conditions are
expected to be. After reaching a full or partial sclution to the problem, these
thickness choices are reviewed, based on the latest definition of heating
conditions, and adjustments to the thicknesses are made if deemed appro-
priate (or if dictated by thermal analyses made external to the optimization
problem); this is the basic preliminary design approach. 3

Insulation in the Type 1 (ellipsocidal) forward andaft closures is
described with a minimum thickness at the case-closure tangent points and
a maximum thickness at the case opennings, Insulation on the flat plate
forward closure Type 2 or Type 3 has a separate thickness input, All
internal heating insulation has the sa ne density; a different density may
be input for the aerodynamic heating insulation,

e tm ) bt i

Stress-Relief Boots

Streas relief boots may be specified through input of a thickness
at the case openings and a separate density value, The boot tapers to zero
thickness at the case-closure tangent points, Streass relief boots (or flaps) ‘
cannot be defined for closure Types 2 or 3, but allowances can be made for 1
them by adjusting the insulation thicknesses, A
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USER MODELS

Provisions have been made for the user to supply special mathe-
matical models to describe certain characteristics of the motor. They are:

(1) Propellant burn rate

(2) Propellant nominal strain endurance
(3) Propellant rheological property

{4) Motor costs

(5) Iinpulse efficiency

(6) Combustion response

The procedure for employing a usar-supplied model is as follows:

(1) In the subroutines that are furnished (Table 9.)
(a} Code the mathematical model, making sure the dependent
variable has the nomenclature given in Table 9.
(b) Add any common statements required to furanish the inde.
pendent variables required by the model,
{c) Furnish any WRITE commands that are needed to print
information from the model. See further discussion below.
{2) Compila the subroutine and link with the remainder of the code.
(3) Set the flag in the namelists shown in Table 9 to show that a
given user model is being furnished,

The internal flag of IPRINT is used to control when computation
results are printed.

IPRINT
IPRINT

1 All'write statements are executed
0 Only PATSH output is printed

N

Therefore, WRITE commands in the user-model subroutines should be
structured such that they are executed when IPRINT =1 and are branched
around when IPRINT = 0,

1f data must be supplied to the model by the user, a READ command
must be included for a namelist defined by the user. Common TRIGR
contains the flag IPRINT (discussed above) and a similar flag to read data
(IREAD).

IREAD
IREAD

1 To read data
0 To bypass read command

IREAD = 1 only for first pass through COMP,.
IPRINT =1 for both the first and last passes through COMP,
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PROPELLANT BURNING RATE

The userasupplied propellant burn rate model must be installed in
subroutine USERRB. The flag RBMDL = T must be input in namelist CONTRL
80 that USERRB will be called whenever burn rate must be calculated, The
cominon statement /IB/ must be employed in aubroutine USERRB, to furnish
values for pressure (P), Mach number (MACH), and rate scale [actor (SF)
and to pass back the calculated burn rate (RATE)., If the user wishes to
identify which burn rate equation out of several poasibilities is being employed
in subroutine USERRB, the common statement /SEC3/ inust be included to
furnish the variable RATEQU; values for RATEQU wili be printed out at
time zero in the ballistic simulation for each plane along the grain.

[ The burn rate subroutina is called from subroutines HITEMP,

' LOTEMP and ONETMP with a pressure averaged over the ballistic simulations
at high temperature, low temperaiure and single temperature, respectively.
The purpnse of the calculations at this point in the code is to obtain an
average burn rate without cross flow effects to send to the SPP impulse
efficiency model. Therefore, Mach number is not supplied from these
subroutines, and a flag is set (IFLAG = 1) to mark where the call to the
rate subroutine originated, Then, in the rate subroutine, IFLAG =1
triggers a return to the calling routine after a non-erosive rate has been
calculated. The user-supplied subroutine USERRB must contain this same
response,

Other commons that already exist may be included in USERRB in
order to furnish the data nedded for the user model.

Temperature effects on burn rate can be included through the use
of TMPUR as temperature in the new model. The variable TMPUR, which
is contained in the common statement MODELS, is equated to THI just prior
to the high temperature ballistic simulation; it is then equated to TLO just
before the low temperature simulation. Thus, TMPUR has the appropriate
value at the time USERRB is called in the ballistic simulation,

A typical USERRB is given in Table 10,

PROPELLANT STRAIN ENDURANCE

The user-supplied propellant strain endurance model must be in- :
stalled in subroutine USERSE. The flag SEMDL = T must be input in namelist !
STPROP so that USERSE will be called out of subroutine PROPST. The
model must furniah the nominal strain endurance (SENOM) for comparison
with thermally induced strains. The nominal value is devalued for mixeto=

~ mix variations and aging degradation in PROPST, SENOM is returned from
USERSE through the calling argument,

et

If the model ir not furnished, SEMON is a conatant user-supplied ‘

|
i
H

input.
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TABLE 10
TYPICAL USER-SUPPLIED
BURN RATE SUBROUTINE (USERRB)

R

1SN 0002 SURRCUTINE USERPA
1SN 00M COMMON/TRIGRZIREANGIPRINT (IQUITLIQUITE, LFLAG CONOOY 20
4 rOMO0Y AN
1SN QU0 CURMON /DL IST/ CAPS)yRSHICHITS) DRI WINERT,LLTQTAL covantro
C
ISN 0095 COMMUN ZIRZAPHIB, APNIR, SFHIB, SFNLIO, CDRHIB, COFNIB, NLASIA, (ONOD Y40
. CHIR, THIA, TLTHIB, UHTR, WOTHMIR, RTEHIA, P, T, NELTA, COMNOI%D
. Uy WNQOT, MACH, SF, CORATF, RAVE, SCNCDF COMON 286N
C cOM0N210
1SN 000 COMMON/NONDELS /7T MOP
C
1SN o0n? COMMNN/RFQIRZFNT yPHNAR , VACHMAR, AE, PATHL ,CVT oCVTH, T VT .0 VP T, FNIN, [ BTRRT
cUTREQ TAMKL My TAMNL My MACL TNy TR, PIGN JCVO FSULT FSYLD  FHAR MNP ACL TN, CONND AN
CPHRLIMyPUL T PYLIELD oTLT y MCDCAS o PRCASOBLVRQTTTRQ,VIRQVB0, ISP 70, CURININD
CISPHIZISPLOGNTFNPS JACL PAX METHER , THE, T TRIN COMDY a0
C (NLLLREL]
[§ .
1SN 009 COMMONZAPDAYA/CONCAP , T¥DE N TAARLN) ,CUNCD (D)
C .
ISN 000% COMMON ZCHEMIN/DBIND FUTE ,OXA§3),OXREI ), KCATL,RCATS » STARL1DYIND,
CIFUEL 1ORALIN LOXBLIIV o1 PCL o INCS, ISCL o tSTABZFUEL MR, RCLMX,RCSYHR,
STSMAR LLA,LLL
C aneaINa
1SN 0010 COMMON /STCY/DFLF, GANNMA, RGAS, TS, KR1, KK2, K@Y, KR4, KRS, 0NNy Inn
KRALUSONIC 4CIAL,CIB2,CINY, RATFQU annan2 1o
C
1SN 0011 QF AL MACH XKR] KR2,KRI,FR4, RN, KRS
ISN 0012 REAL MC,LDBARL,LONARY, LPGATO,LPRTO ;
C 3
C USFR NMUST INPUY VALUES FOR MAX AND MIN BN RATE CONSTRAINTR,
C TENPERATURE COEFFICIENY OF CSTAR (MCi, k
C TEMPERATURE COEFFICIENY OF PRESSURE (PIK), - - E
C BEFORE CONPILING THIS SUAPNUTINE Y
C
TSN 0013 RANAX = 100.0
ISN 0014 RUMIN = 0,0
ISN 0015 PIR = 00,0018
ISN Q018 NG = 0.000%
C
C CONVERY INPLTS TU UNITT NEFOED FOR RATC MODIFL (CHANGT WP IGHY
[ FRACYINN TN MEIGHT pEPrENT)
[
15 a0t APL = OXALL) ¢ 100,
1SN oo ARPY a NXA(2) & 10N,
1SN 0019 APY = OXALY) & j00,
1SN 0020 TOTAP = (OXALL) ¢ OXAL]) v OXAUYY) ¢ 100,
1SN 002} AL = FUEL ¥ (00,
ISN 0022 FOC = RCATS ¢ 1C0, 3
[4
C CALCULATE CONSTANT TeEPMS
[
ISN 002) PBARYL = (APYCOLAAPLLY + AP2eDIAAPLI?) » AP VONTAAPL V) )/ TUTAP
1SN 0024 LAPARY = ALCGINLLO,8NRARY)
1SN 0025 LOBARY = {APLSALOGLO(LINO.eNTAAPILY ) AP2RALNGRIO{IN  enT AP ) ) e
. APYAALOCTICLLD ODTAARL YN} Z2TOTAR )
1SN 0026 TEMPL = 0D,5876LERADY
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Table 10 (Continued)

Typical User-Supplied Burn Rate

Subroutine (USERRB)

1SN
1SN
1SN

1SN
1SN
1SN

ISN
ISN
ISN
1SN

ISN

1SN
ISN

SN

ISN
1SN

1SN
ISN
1SN
ISN
1S
ISN
1SN

SN
USN

ISN

0027
0028
0029

0010
oo
a1

0033
003s
001%
003t

00139

0040
0042

0043

0045
0047

0048
0049
005%0
0051
00%2
LI
008S

0057
0054

0059

[aNaXal [aXaXak 2l

[a¥aXal [a X o)

o ~ [a Xal [z ¥a XNzl

[ X2 N2l

[aNa¥al [aNaNalNaXel

20

30

VENP22-0.003TLeTITAPSLDAAR]
TENPY = O.QN64CFENCLDBARL
TENPY = -0.02721%AL*FFQ

CALCULATF BURN PATE PARAMETERS AT 70 DEG. ®ATL N MMF1 (S
SCALED 10 10 YIMES TRUE RATE

LOGATO = TFNPL ¢ TENR2 o TEMPY ¢ TERPA - {26

AT a (10,83 LNGATON/10Q.

XN = 0.01360TQTAP & 0. Q001A2%FECOTONTARPSAL -~ O0.0298%FFIIFEN -
. 0,2550L0BARY ¢ 0.0002686%ALCAL

CHECK RURN RATE AT 70 DEG, L1000 °StA AGAINST CONSTRAINTS

LRATO = LOGATO v XN®Y,.0

RBT0 sl0.*8{LRF ~ 1.0} :

IFAKRTO.GT.RBM. .«) DRRBNX = (IRBTN - RARAX)SO2)0|, 04
IFIPRTOLT.RANIM) OBRBMN = LIAATO - RONIN) #2181, 0F4

UPDATE PENALTY SUMMATICN
ORJ = C0J ¢ OBRBMX ¢ QBRBMN

CALCULATE PRESSURE COFFFICIENT AT YEMPERATURE EXVTREMES

LEINTENTS.NEL2)TMPUR = TQ,
AYMPUR<ATOOERPLIPIXKS(L,O0~XN)I~MC) @& (TMPUR - 70.0%)

WRITE BASIC LATA FPOM RATE MODFL

PRINT ON FIRST CALL TQ USERRB DURING FIRST PASS THRAUGH COMP
TFCIPRINT EQ. 1. ANDJIREADEQ. L ANDL I IRSTL.NELLIGO TQ 20

PRINT ON FIRSY CALL TQ USERRE DURING LAST FASS THROUGH caOwe
IFLEPRINT L EQ1 JAND.TREAN.EQ. N AND. ILAST.NELL1)GO TO 20

Go 10 30

WRITEL6,1000)

MRITFL&6,1001 IRD 70, XNy ATQ, OPRAMX ,NBRBMN

WRITF L6, LN021APL AP APY,TOTAPFEQ, AL
WRITELG641003)0RARL\LOAARL,LDRARY
MRITE(6,1004LUGATQ, ATMPUR, THPUR

TFLIPRINYLEQ I, AND.IRFEADLEQ. 1o AND, IFIRST , NELIVIFIRSTa1
IFCIPRINT.EQ. L AND. IREADEQ.OANDL TLAST NEL LD TLAST=]

CALCULATE BURN RATE AT CURRENT CONDITIONS

RATE « SF ¢ ATMPURY{PeOXN)
RATEQU = 1.0

IF (FLAC=1,RATE SUBRIUTINE HAS BEEN CALLED FRUM SURRNUTINF HIVIN®,
LOTEMP,0% ONETMP TC CALCULAYE RATE AY AN AVERAGR PRESSURE wlTHOUL
ERCSIVE BURNING. MUSY HAVE YHIS LINE UF CODF IN ANY PATF SURCTUTIAT
IFUIFLAG.EG.1) RETURN

CNRATE=1.0 FOR AO FROSIVE BURING, =2.0 FUR ERNCIVE MURNING. N I3
USED TO OBTATN INTIGER TO TESY. M=1 CAUSLS AT URN WITHOQT
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Table 10 (Continued)
! Typical User-Supplied Burn Rate
’ Subroutine (USERRB)

C CALCULATING EROSIVE BURNING EFFECTS. MUST HAVE THESE TWN LIMNFS
C OF CODE.
[+
1SN 2061 M = CORATL ¢ 0.5%
SN 0N6L2 TF(M.FAQLLY RFTURN
[4
C KRI=MCEIT KRG XM=X MACH=LOCAL MACH NUMRER. CAUSES SADERHUOLM MONEL
' C TO BE SKIPPEA [F KPR LESS YHAN 2FR™ OR LDCAL MACH NUMDFFR LFSS THANM
C MCRIT.
C
ISN 0034 IFI{XKR3.LE.0.0) GO TQ 10
ISH 0056 IF {MACH.LE.KR3) GO 10 10
¢ .
C FROSIVE BURING WITH SADERHOLM MONEL
C
ISN 0Q0o8 X 2 ALNG(N.06T68% (P30 T4/RATE}#80,4948)
1SN 0069 TF{Xel£.0.0) X20.0
ISN 0071 IF(KRA,GT.0,001) X = KR4
1SN 0073 HATE? = RATES(MACH/XR3}s2X
ISN N0T4 (F(RATF2.GT ., RATEIRATFRQU=2.0
1SN G076 TH{VATEZ.ATLRATE) FATE=RATEZ
[ .
[ EROSIVE BURING WITH MACH-PRESSURE PRONUCT MODEL
[
1SN 0078 10 (F({MACH & P, LEA0.00) REYUBN -- -~ - — - e v e e
1SN 0080 RATE3 = KRS*(MACHSP)®*¢KR6
ISN 0081 IF(RATEI.GT,RATEIRATEQU=3.0
1SN 0083 IT (RATE3.GT.RATEIRATISRATES - e R
c
1SN 0085 1000 FORMAT{1H1,41H OASIC DATA FROM USER BURN RATF MODEL)
ISN 0086 100l FORMAT(IHOSHRBTO= s F12. 453X 3HANS E120493 X 4HATO=E1 T ndy - — -
e IX g THOBRBMX =9 £ 12,4930y THOBRBMN= EL12.4)
ISN 0087 1007 FORMAT {IHO 4HAP 1= EV2.4 43X 4HAPZ=4E12.4,3X y4HAPI=,E12,4,
e IXGOHTOVAP= 012,49 IXy4HFEQa4EL12.4yIXyIHAL=4EL12,.4)
{SN 00A4 1003 FORMAT{LHO, THNRARLS (C12.493X THLDBARL®,E12.4¢3X . THLODBAR 3=, E12.4)
15N 0089 1004 FORMAT{IHO, THLOGATO=, ER 2.4 5 3K, THATMPUR =, F12.4, 3%, THTMPUR 4F17.0)
1SN 0070 RFTURN
{SN 0091 END
229
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T UTRATET AT ST !‘1

PROPELLANT REECLOGICAL PROPERTY

The user-supplied propellant rheology model must be installed in
subroutine USERRH, The flag EOMMDL = T must be input in namelist
INGLIM 8o that USERRH will be called out of subroutine TCHEM.

This parameter (EOM) must be defined by the user; it can be end-of-
mix viscosity (hence .OM), shear stress, or any other measure of rheo-
logical characteristica. The intent is that this model be used when propellant
ingredient concentrations are being adjusted, so that some control can be
exercised on the propellant processibility. If the flag has been set
(EOMMDL = T), the output of the model (EOM) is compared with an input
maximum limit, and a penalty (OBJEOM) is calculated if the limit is
exceeded. EOM is returned from USERRH through the calling argument,

MOTOR COST

The user-supplied motor cost model must be installed in subroutine
USERCS. The flag CSTMDL = T must be input in namelist CONTRL a0 that
USERCS will be called out of aubroutine COMP. The model must furnish
the parameter COST, which in used only ar one of the payoff parameters.
The unita can be either total project cost or unit cost. COST is returned
from USFRCS through the common atatement MISL.

IMPULSE EFFICIENCY

The user-supplied impulse efficiency model must be installed in
subroutine USEREF. The flag EFMDL = T must be input in namelist
CONTRL so that USEREF will be called out of subroutine COMP, 1If a user
efficiency mode! is called, then the'SPP model cannot be called (i. e.,
SPPETA = F is required). The model-furnished impulse efficiency then is
used in the ballistic simulation. Efficiency is returned from USEREF
through the calling argument,

COMBUSTION RESPONSE

The user-supplied combustion response mode!l must be installed in
subroutine RSPNSE, which is the subroutine where all internal models are
located. Thus many sources of input data are already available. Entry to
the model is statement number 500, The flag IRSPNS = 5 will cause the
user-supplied model to be called,

Combustion response is returned through the common ALF
already furnished.
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ERROR MESSAGES

Error messages are printed whenever code execution is terminated
under abnorrnal conditions. Other messages are provided the user to show
conditions under which the code is operating. The messages that originate
from subroutines that were developed for SPOC are self-explanatory and
do not require a complete liating in the uscr's manual (except as discussced
below). Generally these messages explain what caused the termination and
provide data to show the abnormal condition; if the solution is not self-evident,
instructions are given.

There is a large group of termination messages that originate from the
subroutines comprising the ballistic simulation module. None of these con-
ditions should be encountered because the purpose of the SETUP subrou:ine
is to prevent invalid conditions from occurring during the optimization
process. Nevertheless, the ballistic module error messages are given in
Tablell in the event that a combination of inputs and optimization searches
produces an invalid situation.

The messages are listed alphabetically. Those that begin with asterisks
are listed alphabetically at the end of the table. With the message is the
reason that message was triggered. The last column of the table is the
format statement number and the subroutine in which that statement is
found, Note that some of the messages speak of a "Type 1" or ""Type 2"
grain; these are designations internal to the ballistic aimulation module
and have no direct relation to the grain types that can be selected by the user
of SPOC. For information purposes, the correspondence is

SPOC Grain Ballistic Module
Type . Grain Type _

1 (Star) 2

2 {Wagon Wheel) 2

3 {Finocyl) 3

4 (Conocyl) 1 (Fwd. segment)

3 (Remaining)
5 (CP) 3

Incompatible inputs for the trajectory simulation are detected and
identified with the flag ISTOP Definitions of ISTOP are given in Table 12,
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TABLE 12
EXITS FROM TRAJECTORY SIMULATION FOR
INCOMPATIBLE INPUTS USING ISTOP

ISTOP Explanation
; 1 Both launch velocity and launch Mach number are input
i 2 ITERM <1, or ITERM > 12
g 3 FPAAL< -90.0, or FPAAL >90.0
l 4 AREF < 0.0
5 IATMOS < 0, or IATMOS >4
6 ALTAL <0.0
i 7 AEX <0.0
= 8 RNGAL <0.0
9 WNP < 0.0
0 Failure to pass the test (IPRDEG # 0 and IPRDET # 1)
11 RGFPAL < 0.0
12 WMI <0.0
13 FDELT1 <0.0
14 FDELT2 <0.0
16 ITERM = 1 and TERTIM <0.0
17 ITERM = 2 and TPHANE < 0.0 |
18 ITERM = 3 and SPTERM < 0.0 |
19 ITER* = 4 and RGTERM < 0.0 \
20 IT" s = 6 and MTERM = 0.0
21 ITERM = 7 and VLTERM = 0.0
22 ITERM = 8 and FPAAL <-90.0
23 ITERM i and FPAAL <FPATRM ‘
24 ITERi = 8 and FPAAL >90.0 .
25 ITERM = 9 and ACTERM 0.0 i
26 ITERM = 11 and RGFPTM <0.0
21 ALTERM <0.0, and ALTAL <|ALTERM|, and FPAAL >0.0
28 ALTERM <0.0, and ALTAL <ALTERM, and FPAAL < 0.0 z
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Internally Calculated Dimensions for Type 2 Grain
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Figure 90.
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Figure 91.

Inputs for Finocyl Configuration
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