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ABSTRACT

A FORTRAN digital computer program was developed which is
generally applicable for preliminary design tradeoff analyses of solid-
propellant rocket motors for a variety of applications. The pro-
gram computes rocket motor :iength, propellant and inert component
weights, mass fraction, burn'time, specific impulse, ideal stage burn-
out velocity, and-other performance parameters as a function of input
motor diameter, chamber pressure, thrust, payload mass, propellant
ballistic properties, propellant web {raction, port-to-throat area ratio,
and other requirediparameters. Either conical or ,c’ontgur‘ed nozzle
exit geometries may be analyzed, Options are available for considering

a head-end propellant web and:-inert residual slivers.
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LIST OF SYMBOLS

Definition
Average burning surface area, irf

Average burning -surface area within cylindrical
length, in?

Combined average burning surface areaof forward
and aft head-end propellant, in?

Thrust-to-weight ratio-at burnout
Nozzle exit area (inside), in?

Cross sectional-area corresponding to outside
diameter -of propellant, in? ’

Thrust-to-weight ratio at ignition
Initial port area, in?

Initial port-to-throat area ratio

Cross sectional aresa of residual sliver
(active or-inert), in?
Nozzle throat area, in?

Initial cross sectional area of propellant
web, in?

Propellant burning rate coefficient

Constant; 0. 0163 for upper stage; 0. 0055
for remaining stages '

Mass discharge coefficient, 1bm/1bf sec

Thrust coefficient
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LIST OF SYMBOLS (Continued)
Symbol Definitio L‘
ci ‘Specific heat of insulation, Btu/lbm-=-°R
cg ‘Specific heat of structural material, Btu/lbm-°R
Dci ‘Motor case inside -diameter, in. *
Dei Nozzle exit inside -diameter, in.
Dem Maximum: nozzle exit outside diameter, in.
DeO Nozzle exit outside-diameter, in. i
Dy Outside diameter of propellant charge, in. z‘
Dm ‘Motor case outside diameter, in. %
Dhi Inside major axis of ellipsoidal forward head,. in. ?
E; Young's modulus of motor case mate¥ial, psi
Eijint Young's modulus of interstage structure, psi
i« Eg Young's modulus of nozzle throat structural ;
) shell, psi {
E % E¢ Young's modulus -of throat insert material, psi
F P Required:thrust (input), 1bf
Fraction of propellant burned at web burn-
through
Motor case design safety factor
Nozzle design safety factor
Propellant web fraction (27y/Ds)
‘Conversion constant, 32.174 lbm ft/1bf sec 1
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LIST OF SYMBOLS (Continued):
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Maximum longitudinal acceleration of stage i, g's

Maximum longitudinal acceleration-of stage-i-1, g's

Delivered specific impulse, 1bf sec/lbm

Ratio of nozzle throat radius of curvature to-
throat radius

Length of aft head, in.
Rocket motor cylindrical length, in.

‘Ratio of contouredinozzle length to-conical nozzle
length

Length of forward-head, in.

Inside semiminor axis of ellipsoidalforward:
head, in.

‘Outside semiminor axis of -ellipsoidal forward:
‘head, in.

Interstage clearance between forward head of
stage i and nozzle-exit plane of stage (i +1), 4in.

Rocket motor length, in.

‘Nozzle length, in.

Nozzle length of stage (i + 13, in,
Mass flowrate, lbm/sec
Propellant burning rate exponent

Ambient pressure; psia
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LIST OF SYMBOLS (Continued)

Definition
Average propeilant burning perimeter, in.
Average chamber pressure, psia

Design chamber pressure for structural
analysis, psia

Local design pressure, psia
Nozzle exit pressure, psia
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Nozzle inside radiusfat exit cone tangent
point (see Figure 3-2), in.

Propellant burning rate, in/sec
Throat insert radius.-of curvature, in.
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Radius of motor case aft head opening, in.
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Inside radius at nozzle entrance-cone tangent
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Nozzle throat radius;. in.
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LIST OF SYMBOLS (Continued)
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Elapsed time between-ignition and web burn-

—;hrough,, sec

Volume of propellant within cylindrical length
which is burned prior to web burnthrough, in?

Propellant volume inforward and aft heads, in3

‘Total volume of propellant charge in:cylindrical
chamber (including slivers), in3

Total volume of propellant which is burned prior

‘to web-burnthrough, in3

YVolume -of residual slivers, in3

Weight of motor case aft head-attachment boss, lbm
Weight-of aft head insulation, 1bm

Weight -of aft head membrane structure, lbm
Weight -of aft head attachment skirt, lbm

‘Stage burnout weight, 1bm

Liner weight in.cylindrical chamber, 1bm

Weight of cylindrical shell, 1bm

Weight of nozzle entrance insulation,. lbm

Weight of structural materialin nozzle

entrance cone, 1lbm
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Weight of forward head attachment skirt, lbm

Weight of forward head insulation, lbm
Weight -of ignitor boss, lbm

Ignitor weight, 1bm

Weight of interstage structure, lbm
Total weight of .inert parts, lbm

“Total nozzle weight, lbm-

Weight of nozzle attachment boss (nozzle
portion);. i1bm

‘Gross stage weight, lbm.

Propellant weight, 1bm

Stage payload weight, 1bm-

Weight of nozzle throat insert, lbm
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o Thermal diffusivity of nozzle insulation, in?/sec
o, Contoured nozzle half-angle immediately down-
stream of throat, radians
B Forward and-aft head ellipse ratio
Y Specific heat ratio- of combustion gas
AT Predicted temperature rise oﬁgprotected
Structural material, °R
AVI Ideal velocity increment, ft/sec
€ ‘Nozzle expansion ratio
€e quuivzfi’ent conical'nozzle expansion ratio for
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‘ b Rocket motor mass fraction
_ An Nozzle divergence loss factor
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LIST OF SYMBOLS (Continued)
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Propellant density, lbm/in®
Densityof structural matexrial, lbm/in3
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Yield strength ofimotor case, psi
Yield strength of.nozzle structural material, psi
‘Wall thickness of nozzle entrance cone, in.
Liner thickness of cylindrical chamber, in.
Forward-head membrane thickness, in.
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Insulation thickness in nozzle entrance cone; in,
Insulation thickness at nozzle exit plane, in.
‘Motor casse wall thickness,. in.

‘Minimum wall thickness due to fabrication
constraints, in,

Nozzle wall thickness at exit plane;. in.

‘Structural material thickness, in.

Thickness. of throat structural shell, in.
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Propeliant web thickness, in,

Thickness -of nozzle structure at aft end of
throat insert, in.
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1. INTRODUCTION

Preliminary sizing analyses of aerospace vehicles which utilize
solid propcllant rocket motors usually require rather extensive trade-
off analyses to ensure the near-optimal selection-of pertinent motor
design parameters. For multistage vehicles, the motor design
analyses usually follow energy management studies (e.g., Ref. 1) which
apportion propellant masses optimally among the constituent stages to
achieve prescribed vehicle performance characteristics; e.g., to
minimize gross weight for a required velocity increment or to-maximize
velocity for a fixed gross weight. The objective of this investigation
was- to develop a digital computer program which would permit rapid,
accurate, preliminary design tradeoff analyses of solid propellant

rocket motor concepts.
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2. PROGRAM CAPABILITIES

The program described in this report computes-rocket motor
length, propellant and inert component weights, mass fraction, burn
time, specific impulse, stage burnout velocity, and other performance
parameters as a function-of input motor -diameter, chamber pressure,
thrust, payload mass, propellant ballistic properties, propellant web
fraction, port-to-throat area ratio, residual sliver fraction, and other

required parameters.

The generic representation of a selected propellant grain con-
figuration by its web fraction, Fy,, and residual sliver fraction, Fp, and
a prescribed port-to-throat ratio, Apt, permits evaluation of the applica-
bility of many candidate g—f,,é.infdesigns without requiring -detailed surface=
web calculations. This-feature simplifies input preparation.and enhances
program flexibility for its-intended use in-conceptual-design tradeoff
analyses. WRealistic values of Fy and Fp.may be derived from known
geometric characteristics of previously configured grain cross sections
(Refs. 2 and 3). All star, wagonwheel, :¢ylindrical port, and slotted
tube grain:configurations wherein the propellant perforations traverse
the entire —g¥1indrica1 motor length are zii(jfeé;lly suited for analysis using
this technique. Tapered grain configurations and those which employ
radial slots, or longitudinal-slots whichtraverse only.a fraction of the

cylindrical'motor length, 'may be analyzed provided a length-averaged

propellant web fraction is:--entered. Ellipsoidal head-end:propellant
webs and-inert propellant slivers may be included in the -design analysis
simply through the proper -selection of input code words,; as-described:

later.

Dimensions and/or weights of inert components; including the

motor case, -head closures, nozzle, attachment skirts, {interstage
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structure, liner, insulation, and igniter, are computed using proven
theoretical and empirical relationships in conjunction with input
materialphysical properties. Either conical or contoured nozzle
designs may be analyzed. The nozzle expansion ratio-is sized:to
provide as near optimum expansion as possible while maintaining the
nozzle exit diameter less than the input maximum allowable value.
(Optimum expansion occurs when the nozzle exit pressure is equivalent
to the input ambient pressure.) The validity of the computer program
was confirmed through the analytical reproduction of various rocket

motor designs which are documented in Reference 4.

T rre e e A o P i e -




3. DESIGN ANALYSIS

3.1 INTERNAL BALLISTICS

The internal ballistics analysis described in this section is
‘based on the assumption of constant mass flow rate throughout motor
.operation. The appropriate gas dynamic relationships for combustion.
gas flow within the motor port and nozzle are based on the assumption
-of one-dimensional flow of a perfect gas. Most of the applicable
thermodynamic relationships may be found in standard propulsion
textbooks; for example, Reference 5. Following program initialization

i and the reading of appropriate input parameters, ‘the rocket motor

design analysis proceeds as described-in the following paragraphs.

‘The required thickness -of the motor case wall is 'sized-using the

‘well-known hoop stress relationship

_ PcDm Fsm

Tm = . (3-1)

The independent variables P, ?Dm, and Fgy, are program inputs. The
yield strength of the motor case, om, and most of the other required:

; inert component physical properties -discussed later are :specified

‘ ‘within the program-in well-defined DATA statements, as -described

in Section 5.2. This method of specifying material properties provides
! flexibility for analyzing various-candidate materials (atthe expense of

program recompilation for each. DATA statement alteration) while

2K
: reducing the number of inputs required for ﬁorma'—l%:desigij a.nal};ses.
The case wall thickness ¢omputed from Equation 3-1 is -compared
;‘ 5 with a specified minimum wallthickness based onfabrication limita-

‘tions, and the larger value is employed in further calculations:

31
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Following an initial estimation of the required cylindrical case
liner thickness, Ty o the outer diameter of the propellant charge is

computed from

Df = Dy = 2 {1y T 71y ) - (3-2)

The final designvalue of liner thickness is determined through iteration

using an empirical relationship which is described latexr.

Equation 3-2 ‘begins an iteration wherein the nozzle expansion

ratio, cylindrical case liner thickness, and propellant geometrical

characteristics-are established. An attempt is first made to size the

nozzle for optimum -expansion such that the nozzle exit pressure is

-equivalent to the input-ambient pressure. If this 4s not feasible within

the constraints of the input maximum nozzle exit diameter, Dem:, and the

thrust-dictated throat area requirement, the nozzle design which most

nearly approaches optimum: expansion within these constraints is

established. In the latter situation, the nozzle exit pressure is always

greater than ambient; i. e., the nozzle is underexpanded. As a first

trial estimate, the nozzle exit pressure, Pg, is set equal to the ‘nput

ambient pressure P,m,. The corresponding nozzle expansion;ra"io, €

is then determined from the relationship

)
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The thrust coefficient, Cg is computed from
, 2y?
Ct = Mnpy { -1
' v-1 (3-4)
+ (Pe';' Pam}?‘)je .
Pc
The divergence loss factor, X, is defined as
1 ,
hp = 3 (14 «<cos a) - (3-5)

For analysis of contoured nozzles using-this program, an

effective exit‘half-angle of 17.5- degrees should be input, as described

later. The nozzle discharge -correction factor, 7 D? is usually :greater

than unity, as discussed in Reference 6, but may range from 0. 98 to
1.15. (A value of 1.02 is typical.) The velocity correction factor,

Nys ranges between 0.:85 and0.98, with an average near 0. 92 (Ref. 6).

The required nozzle throat area is established by
A¢ = F/(Pc Cy) . (3-6)
The corresponding nozzle exit area, Agj, is computed-from

’Aei = Ate . {3-7)

3-3
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The required nozzle wall thickness at the exit plane —,(zfrne) is sized

from the hoop stress telation

The = ————— (3-8)
2o

The variable Fgp is a program input, and op is specified within the
program by a- DATA statement. Again, the computed wall thickness
from Equation 3-8 is compared with-a specified minimum thickness
based: on fabrication-constraints, and:the larger valué is selected for
further calculations. The outside diameter at-the nozzle exit:plane is

then:computed from

Degz = De; + 2(Tne *+ Tix) (3-9)

where Tiy, the insulation thickness at:the nozzle exitplane, is

computed using procedures describedlater in-this section (qua—tion 37).
If the -computed outside exit-diameter is less -than the input maximum
value, the design analysis continues-with the computed: value. More-~
over, if this test is satisfied on the first iteration, with P, = P, 1>

the nozzle is designe’d%for optimum expansion. If, however, the com-
puted.outsideexit diameter exceeds the input maximum value, the exit
pressure estimate is-increased slightlfy and the analysis returns to
Equation 3-3. The itération continues until a satisfactory exit diamete:

and corresponding exit pressure and expansion ratio are obtained.

3.4
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Following the establishment of the nozzle throat and exit areas,
the internal ballistics analysis and propellant geometrical characteriza-

tion proceed. The mass discharge coefficient is computed-from

y+1

Y-= lq0.5.
. o 18cY [ 2\ N
°p = "p [RTC (y+1) ] (3-10)

The independent variables y, R, T, are program inputs, The average

mass flow rate, m, discharged by the nozzle is computed: from

m = CpPcAt . (3-ED)

This discharged mass flowrate must equal the rate -of mass generation

at the propellant burning surface, which is -determined from-
™ = rpAppp o (3-12)

where the average propellant burning rate is governed, for :nonerosive

flow conditions, by the well~known relation

rp = aPP . (3-13)

Equating the mass géneratibn rate (Equation 3-11) to the mass discharge
rate (Equation 3-10) yields, after rearrangement, the following relation-

ship for computing the required average burning surface area:

= 3-14
e (3-14)

R Vb s VAT Y PP SN D S
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The initial motor port area is established by the input port-to-

throat area ratio-and the previously cuomputed throat area

Ap = Apt At . (3-15)

‘The initial port-to-throat area ratio, Apt, must be input as unity or
greater to assure a nonerosive flow -condition inside the motor port.
For tapered grains, Apt is the length-averaged value. The cross
sectional area, Ay, of the propellant web at ignition is computed from

the geometric relationship

Ay = (A - Ap) Fp (3-16)

‘where FP is the fraction of propellant ‘burned prior to-web burnthrough.
Values of Fp usually range from 0.9:to 1.0 (Refs. 2 and:3). The
corresponding area, Ag, of residual slivers (active or inert) remaining

after web burnthrough is established by the expression
Ag = Af - Ay - Ap . (3-17)

The propellant web thickness:is determined from-

Ty = 2LEw (3-18)
As described previously, F,, represents the input —p’rop{ellant web
fraction. Values of Fy typically range from 0.2 to 0.5 for star or
-wagonwheel designs and from 0. 28 to-0.9 for slotted-tube designs.
Star and wagonwheel configurations are usually employed with slow or

nedium burning rate propellants where relatively small burn times and

3.6
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large thrust levels are required. Slotted tube configurations-yield-

large motor mass fractions; they are usually employed with relatively
slow burning propellants for long burn-time, low thrust applications or
with fast burning propellants for short burn time, high thrust applica-

tions.

The motor burn time is computed from
th = X (3-19)

At this point in the analysis, the required liner thickness adjacent to the
cylindrical case wall, T!é , may be recalculated more accurately
using the :proven empiricérl expression developed by Thiokol ‘Chemical

Corporation (Ref. 7).

Ty = 0.02 D%t + B! (1 = Fp)°-@5' : (3-20).
The liner thickness -computed from Equation 3-20 is compared: with
the previously estimated value used in Equation 3-2. If the computed:
liner thickness differs by more:than a specified amount fr om: the
previous estimate; the analysis returnsto Equation 3-2, with.the
computed-value used as the new estimate., This:iteration continues

until the computed:and estimated:values :conver'ge.

The- next step in the analljgsis is the determination of the required
propellant volume and corresponding motor length. Before motor
length may: be computed, ‘the amount of propellant must be evaluated
which may be loaded into the available forward and aft ‘head-end
volumes, if-head-end webs are désirable. (The-computer program is
formulated such that the analysis-of head=end webs is optional,) For

cases in which a forward head-end web analysis is requested, a

3-7
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fractional ellipsoidal propellant volume, conforming to the head
closure shape, is considered. A cylindrical perforation is allowed
for protrusion of the ignitor through the head-end web. The analysis
-of the propellant in the propellant volume in tite aft head is similar to
that for the forward head, except the cross-sectional.area of the center

;perfor;}.tion is equivalent to the port area,

Following evaluation of the combined forward-and aft head-end
propellant volume, Vph' and corresponding average burning surface,
:Abh, if applicable, ‘the required average burning surface, Abc, within

‘the cylindrical motor length is computed from

Ap. = Ap - Apy, - (3-21)

The required total volume -of the propellant charge, V;p!sc' including
residual slivers (active or inert), in the cylindrical portion may now

‘be computed from the geometrical relationship-

. (3-22)

Likewise, the volume of propellant, VPcw’ within the cylindrical

length which is burned: before web burnthrough is determined from

V{PCW = Vpse Fp - (3-23)

The total volume of propellant, Vp,, , which is burned before web
w

burnthrough is -determined by the sum

T W2 i o

o P
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and the volume of residual slivers, Vs, is computed from the geometri~

cal relationship

Fy—

VS - VpSC (:1 - Fp) . (3-25)

Because of the simple propellant geometry selected for the head-end

web, residual slivers-there will be negligible.

The required-cylindrical length of the motor, L, may now be

computed from

Lc = VpoylAw - (3-26)
|
The propellant and residual sliver weights are evaluated by multiplying §
the previously computed volumes by their respective-densities: For E
active- slivers; the propellant density is used, whereas for inert slivers :
a density of 0.:02 lbm/in®, which is typical of conventional phenolic/
microballoon filler material is used.
3.2 DESIGN OF INERT COMPONE;?TS ‘

‘Sufficient information is now available to permit computation of
weights and dimensions of the remaining constituent inert ccmponents
of the rocketmotor. These calculations are performed within::ithe
computer program by Subroutines INERT, NOZZ, and INSUL. In the
interest of brevity, only the final formulations of the pertinent working

equations will be presented herein. The reader is referred to-the cited

references for the appropriate derivations. The nomenclature {or the
type of motor case considered hereinis defined in Figure 3-1. Also,

the nomenclature which applies to the conical and contoured nozzle

f analyses is defined i’n:fi-?igures 3-2 and: 3-3, respectively.

3-9
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CONICAL NOZZLE NOMENCLATURE

FIGURE 3-2.
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3..2.1 Forward Head Membrane

The required-thichness, T, of the forward head membrane is:
sized by the resultant of the meridional and tangential stresses as

discussed in Reference 8. Thus,

0.177 Py D *
T, = - = (3 A )
h —Lho m

The design chamber pressure, Pp, istaken as 1..5-times the average

:chamber pressure. The value of Lh, is--dictated-by the input-motor

diameter and the head-end ellipse ratio, B, which:typically ranges j
from 1.0 to-2.0. The values of the inside major axis, Dp;, and semi= }
minor axis, Lhi’ are-determined from the input motor diameter, f
_ _ i
ellipse ratio, and meémbrane thickness. The weight of the forward head ‘
‘membrane structure iis then computed from
Wehs = 0.167 pmm (Lh, Drd® - Liy Dhly . (3-28)
} ’
; 3.2,2 Forward Head Insulation :
. The weight of the forward head insulation is computed from the:
1 following empirical relationship (Ref. 9):
S Whi = 1,93 (10°%) Dy?
-j (3-29)-
1 ’ mapa , 003925 1 +¢:X o8 -1,7
z - X [G,7854 + ——— In ——=|PD"*° t, -C ’
( By T-w) P P
2 ’
(3-29a)




3.2.3 Ignitor Boss
The weight of the ignitor boss, Wib , on the forward head i~

estimatedfrom the empirical expression (Ref. 9):

= L3 : (3-30
Wip = B3P, DB A . (3-30)

3.2.4 Ignitor

The weight of the ignitor, 'wign’ is estimated from the follow-
ing;empiri’cal rela’tionshipwhich was derived through correlation of
reported ignitor weights (Ref. 4)-for previously-designed and fabricated:

rocket motors:

ign

W. =10 + exp [o.-i) (1074 )Ab] : A3-31)

Equation 3-31 was-found to-produce an excellent fit of reported ignit-r

weight data for rocket motors with-an average burning surface area

ranging between 3500 and 44000 in2.

3.2.5 Cylindrical Case Structure

The weight-of the -cylindrical portion of the motor case struc-

ture, W.g, is computed from the relationship

-z T , z 2} (3-32)

3-14
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3.2,6 Cylindrical Case Liner

The weight of the liner adjacent to-the cylindrical motor cua=.

Wegs is determined from

(3-33)
For the computer :program described herein, a typical liner density,
Pyr -of 0,06 lbm"/iij—3 is employed

3,2.7 Aft'Head Membrane

The weight-of the aft head membrane: structure, wahs’ is

estimated from the following empirical relationship (Ref, 9):

(3-34)

3.2.8 Aft Head Insulation

The weight-of the aft head insulation; 'Wahi’ is scaled as 1, 54
times that of the previously coniputed forward head insulation as

recommended by Réference 9,

3-15
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3.2.9 Aft Head Nozzle Attachment

The weight of the aft head nozzle attachment boss, Wy}, is

estimated using the qulowing relationship (Ref. 9):

W = 10. . s I = cull . 3-35
W 10.26 P, D B: ( )

3.2.10 Nozzle

Either conical or contoured:nozzle-designs may be analyzed
using this program. Conical nozzles of the type illustrated in Figure
3-2 are designed: using nondocumented procedures developed: by
Mr. A.R. Maykut of the U.S. Army Missile Command-(MICOM) at
Redstone Arsenal. The validity of these procedures has been proven at
Redstone Arsena;f'l*throggh numerous design ana?lﬁyses and reproductions
of previous operational nozzle designs. Contoured nozzle length and
weight, when applicable, are scaled from-a corresponding design of
a conical nozzle with equivalent throat area and fixed exit cone half-
angle of 17. 5 degrees using procedures described in Reference 10, A
more detailed description of the contoured-nozzle scaling procedure is

presented later.

Discussing first the conical:nozzle -analysis, the entrance wall

thickness, Te, of the nozzle at the aft head attachment radius is compu-
ted from

Top FD

e o cos¢ (3-36)

The -parameter r0p usually is -governed by the size of the aft-head
opening which is required for insertion and extraction of the propellant
mandrel. For this computer program, the nozzle entrance cone half-

angle, ¢, is fixed at 60-degrees.
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The thicknéss computed by Equation 3-36-is compared with a specified 1
minimum value which is dictated by fabrication constraints, and the

larger of the two values is used in further calculations.

The next step in the nozzle analysis:iis the determination of the
required insulation thickness at the nozzle-entrance. The procedure r
which is employed in sizing the insulation thickness is described in
Reference 5. A thermally thin structural-wall is assumed-to be ,pro-
tected from the combustion :gases by a refractory insulation. The
temperature of the exposed:insulation surface is assumed to be equivalent

to that of the adjacent combustion gases, Té” and the temperature rise

of the protected structure during motor ope}ation is assumed to be
much smaller than Tc' The predicted temperature rise of the struc- 1
tural wall during time t is computed from the general expression 31
Ci%Pi Ti t \ §
AT = ———— T f(i-——— (3-37) ]
c p T C X 8- ::
§ 8 S ;

where 0 isithe time constant ,(;Tiz /n? @;). The function f(t/8)is reported

in Reference 5-as

- {
2% T © n+1 :
L | ] - z2 - -1 t ) :
- - _{(2) = _t::i - —fl)— + = E -(——)——- -exp [—n2 —e—] (3-38) :
= o 7 nzl n? 4 :

Equation 3-37 cannot be solved directly for Tj because of the implicit
relationship-of T; with the series function f(t/6). Therefore, an itera-
tive solutionis accomplishedin which Equation 3-37 is solved: repeti-

tively to compute values of predicted temperature rise for progressively

IPRRERY L i L
g e Iy i
n I v (e Ta

improved estimates of Tj. The least value -of T; for which the predicted
structural temperature rise is maintained below a specified: limit of

10°R is selected for design:'agplication.
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The first 20 terms are-utilized in the series evaluation of f(t/6).
Ablation -of the insulation is not accounted for in the determination of
the required insulation thicknéss, Therefore, the selected thickness
should be conservative, An approximate, but nonconservative, means:
of accounting for ablation would be to substitute the insulation ablation

temperature for Tc in Equation 3-37,
The weight of insulation in the nozzle entrance cone, Wei, is com-
puted from

TP
i
w_ . = - - T, ) - = . .
-ei sin ¢ (rop * ie °°° ¢+ rot) (rop I.ot) Tie

(3-39)

The weight of the nozzle entrance cone structural'material, Wgg, is

computed from:

TP B ; T )
S = - e . . -\ i
5 T m—— - - - R I (3-40)
Wes = Sing rop-+bke+ 2 )°°s¢'*rot pr roJ o+ (3-40)

The weight of the nozzle throat insulation is .computed from the relation

ro= -dy- 5 Q- ﬁr A ¢+Q’) (3-41)
Wfti = ngi Tie [rot+ Ti’e—'(cos ¢+ cos a?) + rat](?'kt rt) sm(A > o )
The thickness of the throat structural shell, Tig: is sized: from the

following expression which accounts-for the reductioninpressure load-~

ing of the structural shell due-to the load carried by the throat insert

material:

: — L3 e (3-42).
ts T L Es, T
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The design pressure Pp:in Equation 3-42 should rigorously -be based
upon a gas pressure whose value lies between the expected values at
the throat and.in the combustion chamber, since the inner surface of
the throat insert is exposed to pressures in this range. However, for
design conservatism, the value of Pp used in this program-is computed
as- 1.5 times the chamber pressure. The corresponding weight of the

throat structural shell, Wig, is determined from

wts = “Tts ps[rot + Tie {cos ¢+ cos-a) + rat+ 2 (cos ¢+ cos a)]
X : _us_) , | ]
2 kt rt sin ( 5 (3-43)

From ;geometricaii%—considerati,ons, the weight of the throat

insert, Wy, is-established: as

.2 2z 3 - Gl ’—
Wt wpt kt T [¢+af sin (¢+a)]_

v fo.667 k, sin’ (L’;-“—)
E (1+ kt )- ) = -1

- ¢ -+« 7
‘$+a - 0.5sin (p+a) cos (—2—-) . (3-44)

The thickness -of the exit:cone structure at the downstream end of the

nozzle throat'i’hSert,‘rxs, is sized from

P r
Dx es
T 2 ——— . (3-45)
xS o cos o

The design pressure PDx is defined-as 1.5 times the local pressure in

the nozzle exit cone. The structural thickness computed from Equa-

tion 3-45 is compared with-a specified minimum value which is dictated:

by fabrication- constraints, and the larger of the:two values is selected:
for design application. The corresponding weight of the exit cone

structure, Wyg, is computed from
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+ [r ~&(~r. +T )cosq[(r +T, + T )-l-(r + T, +T )
at "\ ie XS J e le mn-/: e le mn
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The weight of the nozzle exit-cone insulation, wxi’ is- determined from

1(3-46).

W . = a7 p.ctn a'(r +T. +r )(r -r ) . (3-47)
xi: e’ 1 \ at ie ef/\ e atf

The weight of the attachment boss, Wn » which is an integral.part of

b
the nozzle structure; is estimated from

wljlb = l8é'n'—rop Tefps . (3-48)
From the previously computed -nozzle .component weights, the total

nozzle weight; Wn, is- computed as the sum

(3-49)

W =W +W +W_ +W +W+W_+W _ + W _ .
n ei es ti ts t Xs- xi: nb-

The nozzle length, Lni’— for conical entrance and exit geometries,

may be computed from

Entrance Throat Exit
M - — P — _
L :(r -rot)ctn¢ + T, kt(sm—,¢ + sina) +

n Fop (re - rat)ctna . (3-50)

Equations 3-36 through 3-50 were derived for nozzles with

conical entrance and exit geometries.

3-.20
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However, most modern-day rocket motors which are designed for
flight operation employ-nonconical contours which are optimized for
improved performance -and reduced length., Because of the difficulty
associated with detailed design of a contoured nozzle, the simplified
empirical procedure-described in Reference 10 for approximating:
contoured nozzle weight and length from a corresponding conical

nozzle design was -employed in this program,

To calculate-contoured nozzle weight using the previcusly

described approximate method, the following assumptions are mader

¢ The weights of conical and contoured nozzles are
identical’from the forward attachment boss to an
expansiecn: ratio downstream of the throat of 3,0 for
nozzles -6f equal throat area, (Nozzle shape within:

this —n’ggizégiii‘sz relatively independent of downstream:
shape.))-

e The nozzle Wéi'ghtrs, downstream of an exit expansion
ratio of 3.:0-are identical for contoured and conical
nozzlés’——of,quali,surface area,
The two types of nozzles are assumed to have identical throat areas,
chamber presures, ‘burning durations, and propellant flame tempera=-
ture., The family of contoured nozzles for which this procedure applies

is described by O. J. Demuth in Reference 11,

To determine thé conical nozzle surface area which is equiva=
lent to that of a contoured nozzle having the same throat area, an
equivalent conical nozzle sxpansion ratio, ¢g, is derived from previ=
ously computed: contoured nozzle data. This equivalent expansion
ratio is defined as:that-of a.conical nozzle with a 17, 5-degree exit
cone half-angle which'has the same surface area as a particular con=
toured nozzle of the same throat area, Contoured nozzle weights are
then computed from-the previously described conical nozzle equations

(Equations 3-36 through 3-50) when the applied value of the inside radius

3-21
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of the throat exit plane, re, is based on the equivalent expansion ratio,
€e: and the input nozzle exit cone half-angle is takenas 17.5 degrees.
The curve of €e as a function of ¢ (Ref. 10), which is-incorporated
into this computer program, is presented in Figure 34, Figure 3-4
applies for a- Demuth-type contoured nozzle with an initial divergence
half-angle (immediately downstream of the throat) of 32.5 degrees

and an expansion ratio at the point of parallel flow of 30, A review of
previously designed contoured nozzles (Ref. 4) revealed that this
particular exit shape is generally applicable for relatively large tactic-
cal rocket motors. Of course, flight nozzles are truncated at expan-
sion ratios slightly less than that required for parallel flow with little
performance .penalty. Additionally, Figure 3-4 is based on a ratio of
combustion gas specific heats of 1.2 and a ratio of throat radius -of

curvature to-throat radius of 1.2.

Direct calculation of the length of a contoured nozzle iS—'again
quite difficult. To simplify the calculations in this program, contoured
nozzle length is related-empirically to a 17.5<degreeconical nozzle of
the same throat area and expansion ratio. In determining contoured
nozzle length, the length from the throattothe exit plane is first cal-
culated as for a 17.5-degree conical nozzle. This 1efggth is then-multi-
nlied by an empirically derived factor, Lcogf/Lcon’ for the appropriate
contoured nozzle expansion ratio. The curve of Lcon't’i/chon as a func-
tion-of ¢ (Ref, 10), which is employed in the computer program de-
scribed herein, is presented in Figure 3-5. The curve shown in
Figure 3-5 is for the same Demuth~type nozzle shape as discussed
previously for nozzle weight calculations., The corrected length between
the throat and the nozzle exit plane is then added to the entrance length,
between the forward. attachment boss and the throat, to determine the

‘total contoured nozzle length.
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The previously described procedure could be extended for
analyzing other Demuth-type exit shapes, with different values of
a and ¢ for parallel flow, by incorporating additional curves of ¢

and L /L as a function of ¢ from Reference 10.
cont- -con

3.2.31) Motor Attachment Skirts

The weight of the forward attachment skirt, Wfg, is estimated

from the following relationship recommended by Reference 9:

g w 0.2157(L,c +Dmlf5)

c m.

The maximum longitudinal acceleration of the stage under considera-

ti°n’gmaxf" is assumed to-occur at stage burnout;

»gmaxi =F/w, . (3-52)

Now, at this stage of the anz'fly,sis, W. 1is unknown, since-its value

bo
depends upon:the undetermined weights of ‘the attachment skirts and

interstage structure. However, these weights are usually relatively
small in comparison with the remaining inert component weights.

Therefore, an iterative solution is accomplished in whichz—g'r,nax is
B 1

first estimated-using a value of W, which-includes only the previously

bo
computed weights of the motor case, nozzle, ignitor, liner, insula-

tion, and the stage payload. This value of Bmax, 15 utilized in
max;

the calculation-of the attachment skirt and interstage weights. The

value of gmax: is then recalculated using the:eéstimated skirt and inter-
c i?i'

stage weights included in W This iteration is continued until the

bo’
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computed values of Wyo (or gmaxi) on successive .iterations are
equivalent within a specified tolerance. At this point, the correct values
of the attachment skirt and interstage weights are considered to be

established.

The weight of the aft attachment skirt, W s? is estimated from-

a

| 8max;_) Wo
Ec '

- 2
W, = 0.0055 D

(3-53)

0.215 (Lc + %m)
X = Dm =

+

In the -evaluation of W, g, ithe value of gmaxif-%l'i must be estimated from:
a separate analysis of stage i~-l, and Wi is estimated as part of the

previously described iteration on Wy,

3.2.12 Interstage Structure

The interstage structural weight, W;,¢, is estimated, when re-

-quired, from the following relationship-which-is recommended by

Reference 9:

3 ] (3-54)
? o ﬂ

SR Emax: WPL [0-215 (Lc + -ED-‘)

; X = — - -

: ¥ Eint Dm

The evaluation of gmax; and Wint is included-in the previously described

iteration on Wp,.

~
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3.2.13 Rocket Motor Length

Rocket motor length between the nozzle exit plane and the for-

ward-head, Ly, is computed by summing the constituent lengths,

Ly = Lip + Le + Lagp + Ly (3-55)
The length of the forward head, Lgp, is determined from:

th = D /28 (3-56)

and the length of the aft head, Lp, is computed from

CHARACTERIZATION

Sufficient preliminary design information:has now been computed
from the previously described analysis to.permit prediction of rocket
motor performance. After setting the sum of the-previously computed
inert component weights equal to Wip, the gross stage weight, Wy, is

computed from

'—Wo = WIP + WPL + WP . (3"58)
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Stage mass fraction, M, is defined as
Wy
= P (3-59)
M =W, - WhL
Rocket motor mass fraction, N\, is -defined as
w
A= oo _P . 3-60)
Wo - Wint - WpL (
The delivered specific impulse, Ispd’ is computed from
I of (3-61)
& = m—— . - -
Pq Cp

The predicted ideal velocity increment produced by the stage, neglect-

ing drag-and gravity losses, is computed from

kil

i Wo .
AV I e In —— -62)
Thrust-to-weight ratios at ignition, "Aign» and burnout, Apo, are coms=

puted from Equations 3-63 and 3-64, respectively:

Apo = ’F/WbQ . (3-64)
This completes the description of the rocket motor design
analysis as it is: programmed: for the digital computer. The program
is formulated in such a manner that parametric tradeoff.analyses of
pertinent design variables may be readily a;ccompili,shedf—by stacking
input cases back-to-back. Moreover, an automatic variable adjusting

procedure, which would determine the required value of a specific
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A independent variables (e..g., motor diameter, chamber pressure,

‘rF propellant web fraction, etc. ) to produce a desired motor performance

! ‘ or design characteristic (e.g., mass fraction, motor length, or

l velocity incre‘ment’);may be easily incorporated into-the program if

3 desired.

z

’ *
| L
11!
1
|
1
N
x]
[ L
]
3.29

s

e




T

4. PROGRAM APPLICATION

4.1 METHODOLOGY

The computer program described herein may be utilized to

generate both point and optimized preliminary-designs of solid propellant
rocket motors through the proper selection and manipulation ¢f appropri-
ate input variables. Typical design problems and corresponding methods

for using the program to solve these problems are presented in Table 4-1.

The computer program contains no automated variable optimization

scheme. Therefore, the optimization of pertinent design variables must

be accoraplished using 'brute force' techniques wherein graphs are
plotted of computed performance and/or weight—cha,ra'cte;'i'sgics which
result from manual perturbation of the variables--of interest. Optimum
values of design variables which yield:either maximum performance or
minimum weight characteristics are then selected from these graphs.
For example, Problem 1 of Table 4-1 illustrates the technique which
wouldsbe employed to establish the optimum chamber pressure for a

minimum weight-design, assuming all other input variables are fixed.

Problem-2a of Table 4-1 illustrates how -the designer would
determine the optimum motor diameter and corresponding chamber
pressure which would be required to provide a given motor length.

Similarly, Problem 2b illustrates the technique which would:be used to-

determine the optimum motor length-and corresponding chamber pressure

which would yield a given motor diameter. The latter two examples are
frequently encountered in-the design of tactical and strategic missiles

which must be contained within fixed- envelope dimensions.

Problem 3 illustrates how the program would be employed to
evaluate the variation of stage impulsive velocity with motor diameter,.

expansion ratio and payload weight.

4.
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effects. Additionally, input values of mass fraction and specific impulse

-stages are then computed using MOP for the ranges of:payload weights
and ideal impulsive velocities of interest. For selected point values of

ideal impulsive velocity and payload weight,. the designer computes

and expansion ratios for all of the stages as: discusSed%ipreviousl'}g.,

the evaluation of its predicted flight performance is usually desirea.

characteristics, e.g., weights, mass flow rates, thrust levels,
-envelope dimensions, which are desired from the sizing program- may
‘be input into a trajectory simulation computer program to predict
flight performance. The trajectory simulation program describedin

Reference 12 is typical of many applicable programs which are available.

Problem 4 illustrates how the sizing program described herein

‘may be used in conjunction with a stage optimization routine to-develop

a near-optimum preliminary design of the propulsion components. of a

multistage vehicle. A typical stage optimization routine, which was

computerized by Mr. J. H. Dobkins of Teledyne Brown Engineering, is

described in Appendix B. Results from this routine, which is entitled
the Missile Optimization lsrograrn (MOP), have been demonstrated to
agree closely with those from other more elaborate analyses. Since
MOP requires ideal impulsive velocity as input, the designer must

estimate velocity losses which will result from drag and gravitational

for each stage must be specified. Minimized gross vehicle weight and

optimized propellant weight distributions for a prescribed number of

CBrrespon'ding values of required:total impgi’se and thrust (for apre-
scribed burn time) for-each stage. The sizing program may then be

utilized to-establish optimum diameters (or'ilgngths), -chamber pressures

Following the preliminary design of a2 single or multistage -ehicle,

The trajectory analysis which is required to evaluate flight perfofmance

is ‘beyond the :scope of this investigation. However, vehicle des,i'gn:




4.2 SAMPLE PROBLEM

To demonstrate the validity of the computer program, a sample
problem was'proce'ssed which consisted of an analytical reproduction of
the Thiokol TX-354-3 (Castor II-A) rocket motor design described in
Reference 13. This motor was chosen for discussion herein because
of the ready availablity of unclassified documentation describing its
design.and performance characteristics in detail. Other rocket motor
designs described in Reference 4, e.g., Spartan, were also analyzed:
successfully using this program, but the classified nature of their design

characteristics precluded their discussion-herein.

The cross-sectional arrangement of the propellant -grain in the
TX-354-3 rocket -motor is illustrated in Figure 4-1, The:ggrain design:
is basically a cylindrical port type which is segmented by two radial
slots, as shown in Figure 4-1. A propellant-web fraction, Fy, of 0. 76-was
deduced from the published geometric characteristics of the propellant
charge. The TX-354-3 nozzle design (Figure 4-2) utilizes a conical
expansion geometry, a graphite throat insert, and requires no entrance
structure. The nozzle is designed for operation-at near-vaccum condi=-
tions. AISI 4130 steel is utilized as the structural material for the

rocket motor chamber and nozzle body.

‘The required input parameters corresponding to the TX-~354-3
rocket -motor weretranslated into a set of motor design and performance
characteristics using the computer program-described hérein., The
computer printout of ithe input and: output parameters of the sample
problem analysis s presented in —Eigure 4-3s For comparison, published
values:(Ref. 13) of:-pertinent design and performance parameters of
the TX=354-3 motor are included in parentheses adjacent ‘to the corre-

sponding computer values. Cofnparison of the published and computed:

4-4
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values reveals certain discrepancies which must be discussed. For
example, the computer nozzle weight of 170, 5 lbm-is much less than
the published value of 539 1bm. This large discrepancy is difficult to
explain,witho.ut -a knowledge of the details of the original structural
analysis from which the nozzle was designed. However, it may be
speculated that bending stresses from predicted lateral flight loads
could have dictated larger required structural thicknesses than those
which resulted from the pure hoop stress equations employed:in this
computer program. (The credibility of the nozzle design procedures
employed herein was demonstrated through the almost exact.analytical
reproduction of the existing Spartan