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Section 1

INTRODU L I'ION

The hydrocarbon-fueled integral rocket/ramjet engine is a candidate
propulsion system for a number of potential missile applications requiring
operation over a wide Mach number -altitude envelope, The most demanding
of these potential applications, from a propulsion standpoint, is the Advanced
Strategic Air-Launched Missile (ASALM), formerly called the multi-purpose
missile (MPM). Other applications for which the integral rocket/ramjet
appears attractive include air-launched tactical missiles, air-to-ground
strategic missiles, surface-launched defensive missiles, and a variety of
air-to-air missiles.

This program, undertaken by Lockheed Propulsion Company for the
U.S. Air Force under Contract F04611-74-C-0040, was designed to provide
integral rocket motor booster propulsion technology specifically applicable
to the ASALM and generally applicable to other future hydrocarbon-fueled,
integral rocket/ramjet engine applications,

The ramburner configuration for the ASALM is primarily dictated by
the volume required for the rocket booster. Since reduced propellant volume
translates directly into reduced system size and weight, a high density-
impulse propellant is required. In addition to volume limitations, the transi-
tion from booster to ramjet operation is critical. Reproducible, rapid motor
burnout and minimum combustibles in the ramburner after booster motor
burnout are required to eliminate ramjet transition difficulties such as inlet
unstarts or complicated ramjet fuel control devices, These requirements
can be met by applying conventional rocket motor design practice to a case-
bonded, high thrust, low volume integral rocket ramjet booster, As an
alternative to case bonding, the LPC Stress-free Viscous System (SVS)
method of grain retention also provides an avenue to meeting these require-
mer'’s. ‘

The overall objective of the program was to develop and demonstrate a
high-performance, low volume integral rocket booster for ramjet missile
applications. To achieve this objective, a program consisting of three
phases was undertaken,

Phase I, Design and Analysis, consisted of performance and configura-
tion analyses of both the case-bonded and SVS motor approaches, followed
by completion of a full flightweight motor design.

Phase II, Laboratory and Analog Motor Testing, consisted of laboratory
evaluation and optimization of propellant, bond system, and fabrication
techniques, followed by analog motor and age life verification of the ability
of selected grain design, propellant and case bonding techniques to meet
rocket operating criteria.
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Phase III, Heavywall and Flightweight Full-Scale Motor Design and Test,
consisted of fabrication and test of three heavywall, full-scale motors to
prove feasibility of the selected design, followed by 6 full-scale motors in
flightweight hardware to demonstrate the design under varying environmental
conditions,

The overall expected accomplishment from this program was the demon-
stration of a high-volumetric loaded, minimum-sliver booster ready for free
jet and transition ramjet testing,

After the completion of Phase I and part of Phase II through the prepara-
tion of analog motors for casting, LPC announced its intention of cecasing
business operations beyond mid calendar year 1975. Since this program and
possible follow-on activity associated with transition free-jet testing project
beyond that date, the program was redirected by RPL to stop technical
activity following completion of short-term laboratory specimen testing,
Accordingly, the report contained herein will cover those portions of the
original program, as defined within the scope of the redirected program.

-10-
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Section 2

T =

SUMMARY

(U) Lockheed Propulsion Company undertook an 18-month program to com-

i plete the Air Force objectives to develop and demonstrate an integral rocket
i booster for ramjet missile applications, The program consisted of a 15-
’ month technical effort, with 3 months for final report preparation and publi-

cation, The critical lechnology to the integral booster development is the
materials system, which must interface with the selected silicone elastomer
ramjet combustor insulator, Key technical questions are the ability to bond
booster propellant to this insulation and compatibility over extended periods
of storage, with rocket motor internal materials that do not leave significant
residuals to impair ramjet start-up operation. Program logic is shown in
Figure 2-1.

(U) Phases I and Il were initiated concurrently to provide an integrated
analytical and laboratory evaluation of design and materials system approaches.
Although case bonding is the preferred approach, both case-bonded and the
LPC Stress-free Viscous System (SVS) methods of grain retention were
evaluated during this portion of the program. Case bonding was the primary
approach with SVS carried as an alternative, in the event that bonding pro-
pellant to the silicone ramjet combustor insulator proved infeasible,

(U) Analog motors of approximately one-quarter full scale in size and con-
taining the optimized propellant and bond systern from Phase II, plus the
selected design configuration from Phase I, were used as the final tool for
structural evaluation of the bonded system. The essentially stress-free
condition of the grain in the SVS approach does not require similar evalua-
tion, After completion of analog motor testing over environmental extremes,
final selection of the grain retention system was to be made.

(U) Evaluation of the selected design and materials system approach was
planned to be evaluated then in motor firings and a 12-month age-life study.
Previous successful subscale motor firings conducted by LPC had demon-
strated the feasibility of the materials and design approaches being studied
under the program. Furthermore, availability of existing full-scale size
heavy-weight hardware at LPC made it economically possible to scale-up
directly to full-scale rather than an intermediate subscale size. A series
of three full-scale, heavyweight motor firings, at ambient and each of the
temperature extremes, was therefore planned. In addition to providing
ballistic and structural data in full size prior to commitment to the final
flightweight motor demonstrations, these motors provide early data on pro-
pellant and motor process scale-up that permits time for refinement, Plant-
scale propellant mixes for the heavywall motors also provide propellant for
the age-life specimens,

(U) Upon completion of the heavywall series, a final update of the flight-
weight motor design was to be conducted. Following Air Force approval of

this design, the flightweight motor demonstration firings were planned at
various conditions of thermal cycling and vibration,

-11-
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(U) The schedule for accomplishment of this program is shown in FFigure
2-2, One of the principal program features influencing the schedule is the
12 -month age-life program and the need to finalize the propellant and
materials system prior to start of preparation of specimens for that study,
Program work through the evaluation of analog motor results must be com-
pleted, therefore, in a 5-month time period. The conduct of Phase II con-
currently with Phase I accommodates this., Another principal feature is the
provision of time after each full-scale motor firing for the complete evalua-
tion of results prior to committing the test of the next motor. In addition,
the flightweight motors are cast two at a time, and provision has been made
to test and evaluate the first two motors in that series prior to casting the
second group of motors, This feature provides an opportunity for minor
motor modification and/or change in test conditions following each test event,
Although the resulting time span for Phase III is longer using this approach,
the early completion of Phases I and II accommodate it,

(U) Lockheed Propulsion Company's case-bonded design approach is pre-
sented in Figure 2-3. The design is based upon the results of previous Air
Force programs, earlier LPC studies, and the results of Phases I and II
under this contract up to the point of work stoppage.

(C) Characteristics of the proposed motor design and the reasons for the
selected approach are as follows:

CASE-BONDED DESIGN

Characteristics Reasons For Selection

(1) Sliverless, neutral burning grain (1) e Optimum tailoff

with r'keyhole” port and 0.75 web Minimum case weight

fraction ;

e Good processability and
reliability

(2) 87-percent solids, 18-percent (2) ® Exceeds performance

aluminum propellant (LPC-691D), requirements

with ultra-fine ammonium per-
chlorate (UFAP) to provide high
burning rate

e No liquid burning rate
catalyst

o Good physical properties,
and processability

(3) Booster phase insulation (if (3) ® Avoids introducing another
required) provided by slight material
thickening of ramjet Dow
Corning DC 93-104 silicone
insulation

e Minimum post-burnout
effects on transition

® Serves as efficient booster
insulation

318
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(C) CASE-BONDED DESIGN (Continued)
Characteristics Reasons For Selection
(4) Propellant-to-DC 93-104 insula- (4) e Excellent bonding to DC
tion bonding with LPL-63 liner/ 93-104

etched fluorinated ethylene pro-

pylene (FEP) film (LPE- 18) ® Minimum residuals

substrate
(5) LPE-17 silicone elastomer grain (5) @ Minimum post-burnout
stress relief flap (forward end effects on transition
D) e Good bonding
(6) Plaster-celogen pellets inserted (6) e Provides inert compatible
in off-gas holes filler to support grain
during rocket operation
e Low-temperature { 300°F)
decomposition under ram-
jet operation to vacate holes
(7) Air Force-developed ejectable (7) e Retention/ejection mecha-
nozzle (if final tests success- nism is contract require-
ful on ejectable nozzle con- ment
tract) 1
e Nozzle design to be proven
in tests
(8) Hot particle magnesium-Teflon (8) @ Proven in service on SRAM
igniter
® Low-cost

(C) The design provides a high grain volumetric efficiency with a high solids
loading/performance HTPB/UF AP propellant (LPC-691D) that is capable of
providing the required structural properties, This propellant combines good
processability and a minimum plasticizer content to reduce the potential for
migration, which could adversely affect cither the bond to the silicone cham-
ber insulator, or the insulation material itself. The keyhole-slotted grain
design provides a theoretically sliverless tailoff with a peak-to-average
pressure (neutrality) of 1.07.

(U) All essential features of the design and its performance capability have
been demonstrated in subscale motor hardware and laboratory test speci-
mens, Verification has included ballistic design and structural integrity
margins, propellant characteristics, interface materials system bond
capability and compatibility, motor fabrication processes, and rocket
materials system residuals. Subscale motor tests were conducted pre-
viously under LPC funding. A summary of these efforts is presented in
Appendix A. In addition, LPC successfully loaded and tested two full-scale,
case-bonded HARM (High-velocity Anti-Radiation Missile) demonstration
motors (10 by 83.5 inches) using HTPB propellant, DC 93-104 insulation,
and the LPC-proposed bond and materials interface system.

S ikl
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(U) A number of the subscale integral ramjet booster motor tests demon-
strated features of the proposed ballistic design, including port/throat ratio,
web fraction, chamber pressure range, temperature range, plus rnaterials
and processes. LPC-691 propellant formulation was tailored and charac-
terized specifically to meet the integral booster ballistic requirements.

(U) Subscale motor tests, analog motors, laboratory tests, and analysis
have now demonstrated the structural integrity of the proposed design.
Motor firings at the temperature extremes of -65 and +165°F, plus analog
motor tests with cooldown to -100°F following repeated thermal cycles
between the temperature extremes, have been successfully conducted,
Descriptions of these previously conducted motor firings and analog motor
tests are presented in Appendix A, and in Subsection 3.2,2.

(U) In support of the design effort for the case-bonded motor, LPC had
previously conducted detailed evaluations of three different pretreatment
methods for overcoming the inherent problems associated with silicone
elastomers, as follows:

° Chemical pretreatment with a silicone-type resin

e Use of films as an intermediate substrate between DC 93-104
and conventional liner. This work included use of an etched
fluorinated ethylene propylene (FEP) film and metal foil,

° Pretreatment of DC 93-104 with plasma inert gas to enhance
surface wettability (hence adhesion)

(U) The LPC tests showed all three systems to be promising, however, the
FEP film using liner provided superior propellant bonds to the silicone
insulator that meet all structural requirements. Peel strengths of 13 pli
and greater at ambient and low temperatures are provided. The FEP film
(LPE-18) approach has been used successfully by LPC in the subscale inte-
gral ramjet booster motors and found to be simple to process in motor
hardware. It was therefore selected as the baseline approach, LPC's opti-
mumn:, balanced liner system for the integral ramjet booster was developed
during the Air Force's Interface Materials Investigation program with
Marquardt (AF Contract F33615-72-C-1234), and resulted in the identifica-
tior of the LPL-59 liner formulation. Final results of that program were
obtained with this liner, which contains TDI curative. In arriving at this
system, a series of parameters were studied including not only the type of
curative, but also equivalence ratio, additives such as bonding agents, liner
thickness, number of coats, cured versus uncured liner, surface prepara-
tion, and propellant cure time and temperature. When used with the FEP
film bond system, the LPL-59 liner was found to yield good results over a
wide variety of conditions. As finalized, LPL-59 was further modified to
include a catalyst as a hydrogen scavenger and re-designated as LPL-63,
These efforts are described in Subsection 4.4.1

(U) During the course of LPC's continuing efforts to develop optimum inter-

face materials systems, subsequent to completion of the Materials Interface
program, a potential problem in processing compatibility between DC 93-104

-18-
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(U) insulation and the propellant was discovered, and resolved after extensive
study. It involved the formation and evolution of gaseous species from DC
93-104 insulation at propellant grain cure temperatures, with migration into
the grain during the cure cycle. This leads to fissures or voids in the cured
grain adjacent to the interfaces, Such a problem would lead to serious con-
sequences in the development of the integral ramjet booster if not recognized
and counteracted, The nature of the problem is such that it is not detectable
in laboratory interface specimens,

(U) Three alternative approachzs to sclving the problem were successfully
demonstrated in application to motor processing, The selected approach is
the use of a higher DC 93-104 cure temperature than initially used by LPC(,
and the addition of a very small aimnount of catalyst to the liner to promote
scavenging of any minute quantities of gas that might still evolve from the
insulation.

(U) The requirement of minimurn combustibles remaining after booster
burnout is achieved by minimizirg the liner thickness and by the use of
silicone elastomers (which have low gas-producing characteristics) for
both the stress release flaps and the insulation required for the booster
phase. Particular emphasis has been placed on proper control of dimen-
sional tolerances and burning reproducibility, so that the theoretically
sliverless performance of the grain can be approached,

(U) To further support the design development «.%ort, LPC conducted a
series of subscale motor test firings in 1973 to ¢valuate motor operation
during the critical transition to ramjet operation, Included in these evalua-
tions were the effects of residual combustibles remaining from booster
operation. The earlier laboratory and analytical data showed that adverse
effects could occur from either delays in transition or creation of an over-
pressure due to residuals combustion during initial ramjet operation,.

(U) However, excellent transition performance was demonstrated in three
Martin-Marietta/ LPC subscale, case-bonded motor, integral rocket-to-
ramjet transition tests conducted during the last half of 1973, Smooth
transition was achieved for all three tests. In two of the three tests, the
transition times were well below the specified 0.75 second, including a motor
with a purposely offset grain port to produce a sliver at burnout. In the third
test, utilizing a motor having grain defects near the insulation interface, the
transition time was 0.84 second. These test results therefore indicate that
by proper design and materials selection, plus careful motor processing, the
potentially detrimental effects of residuals on transition can be significantly
minimized and possibly eliminated. Reference (a) describes these efforts,

(2) R. V. Williams and D. A, Wiederecht, Lockheed Propulsion Company,
H. Readey and E, Cobb, Martin-Marietta Orlando, 'Integral Rocket
Ramjet Booster Transition Tests', JANNAF 1974 Propulsion Meeting,
San Diego, California, 22-24 October, 1974.

-19-
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(U) Efforts accomplished under this contract were devoted to optimize the
propellant system to extend pot life for plant scale operations, and augment-
ing the bond/interface materials system to accommodate insulation off-gas
holes. Incorporation of a pot-life extender of the UOP-36/DBTH anti-oxidant
system provided dramatic improvement in pot-life to 16 hours or greater,
with comparable or better physical properties to the earlier LPC-691B for-
mulation, and identical burn rate, An increase in cure time from 7 to 12
days accompanies this change, but poses no problem to utilization of the pro-
pellant system provided schedule time is adjusted. The excellent processing
characteristics give a high degree of confidence for successful scale-up to
plant scale mix and motor cast operations,

(U) A system for accommodating the insulation off-gas hole array in the
substrate of the propellant grain was developed and tested successfully.
Results obtained prior to work stoppage on the contract indicated no adverse
effects on bond strength yet full support of the grain against induced loads,
with no impairment of the off-gassing function, The system employs hole-
filling pellets cast out of a mixture of plaster and celogen (blowing agent),
and inserted into the holes after drilling through the FEP film bonding aid
into the DC 93-104 insulation, Normal lining and casting of the motor
follows. After rocket burnout, the ramjet operation will rapidly decompose
the hole fillers to a powder at about 300°F. Use of this system provides
support to the grain at each hole site against chamber pressure, and pre-
cludes the presence of liner or propellant material in the holes. For SVS
retention, this system is not required (except beneath the seal bond), since
the fluid will readily occupy the holes during booster operation and vacate
them at transition.

(U) The design, analysis, laboratory, and motor test data thus show
promising avenues of approach for meeting the stated performance objec-
tives with the baseline case-bonded approach. All features of the proposed
baseline design have been successfully demonstrated, thus contributing to a
minimum-risk for the remaining phases of the program. At the time of work
stoppage, analog motors were ready for lining and propellant casting. The
complete insulation and case-bonded grain retention substrate systems were
in place. Work was also progressing on fabrication of tooling for the heavy-
weight motors, and was scheduled to commence on preparation of specimens
for the age-life program.

-20-
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Section 3

MOTOR DESIGN AND ANALYSIS

3.1 PERFORMANCE AND CONFIGURATION ANALYSIS
3.1.1 System Requirements and Interface Considerations

(U) For eventual Air Force applications, the integral ramjet booster is
designed and sized to perform its basic function of accelerating a missile
from launch conditions to ramjet takeover conditions. In general, a high-
thrust, short-burn-time rocket motor is desired to reduce impulse losses
due to drag during boost, End-burning grain configurations are excluded
because of the very high burn rate that would be required. The definition
of explicit "ramjet takeover conditions" involves the ramjet vehicle design,
trajectory or guidance specification, and launch aircraft flight conditions.
Some of these may reasonably be expected to change from the present base-
line, However, regardless of the numerical differences that may occur
during the evolution of this missile system, the priorities in the booster
design concept are expected to remain reasonably fixed. The areas of
emphasis placed on an ASALM integral ramjet booster design, in addition

to normal rocket motor considerations, are summarized in the following
paragraphs,

(1) The booster must perform to allow transition to ramjet operation
under the worst-case Air Force requirement. This worst-case
requirement may significantly exceed nominal requirements and
the missile may not simply "under perform", it may fail outright
to achieve transition to ramjet operation. For example, a low-
altitude launch on a hot day (with a specified maneuver) is
expected to require the largest integral booster velocity in-
crement (AV), This results because the ramjet requires approxi-
mately a fixed takeover Mach number, which occurs at a higher
velocity as ambient temperature increases. The AV requirement
is further increased if the booster propellant is cold and the
booster burns at lower thrust level for a longer burn time, thus
increasing drag losses. Consideration of all such worst-case
requirements 1is thus critical for an integral ramjet booster
propulsion system,

(2) The time required to achieve the transition from booster -to
ramjet operation directly increases the total booster impulse
required, because of the missile deceleration due to drag during
the transition phase coast period. Thus, a minimum sliver design
with minimum residual or combustible materials i1s critical to avoid
either an excessive loss in system performance capability, or an
undue risk of ramjet unstart or failure to effect takeover. Specific
evaluation of transition time involves system and fuel control studies
beyond the scope of integral booster development alone, However,
the booster design criteria that tend to minimize transition time
are readily defined. Close coordination during booster development
between rocket contractor, ramjet contractor, and systems inte-~
grator 1is required.

221«
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w) 3

(4)

(5)

(6)

A high density=-impulse integral booster is desired, but with a
higher priority than in conventional booster designs as a result
of ramjet constraints. Typically, the volume of the ramburner
is determined by booster requirements, while the case material
(L-605 alloy) is selected for ramjet operation. This material
is a high-temperature rather than a high-strength alloy, leading
to a heavier case and thus to an increased sensitivity of system
welght to booster volume, A high density-impulse 1is used in the
broad sense, and includes the volume fraction, propellant, and
insulation requirements of the design. An additional design
criterion, due to the high sensitivity to system weight, is that
the booster must have a nearly neutral chamber pressure trace,

The long ramjet burn time and high chamber temperature required
to meet the system performance goals place heavy demands on
chamber insulator performance capabilities. Establishment of

a silicone elastomer (Dow Corning DC 93-104) as the insulation
material to provide these capabilities creates the need for new
rocket motor technology to achieve reliable, high-strength bonds
of the propellant grain to this material. Silicones inherently
have poor bond qualities, so that special techniques must be
established and reduced to process procedures to ensure adequate
structural integrity under all environments impose! by an air-
launched missile system.

The design of the frangible dome cover, provided as an integral
part of the combustor, 1s also an important consideration since
it will dictate propellant grain processing approaches and tool
configuration. Additionally such items as the ramjet nozzle
material and booster ejectable nozzle design and materjials nust
be carefully evaluated as to sealing capability and survivability
in the booster burn environment,

Some adjustment of the booster design may be expected as additional
details of the system become available from other Air Force programs.
The current booster design requirements are based on the Martin

Co. Configuration Control Performance Bulletin (-008). However,

it is understood that a more current configuration, CCPB-009 now
exists and dictates somewhat different performance requirements

for the booster motor. These changes will be integrated into the
booster design as directed by the Air Force.

These considerations of the unique and demanding factors that must
be emphasized for an integral ramjet booster propulsion system have
led LPC to establish the following major objectives, to meet the
overall Air Force objectives:

e Minimum booster volume and weight (i.e,, maximize
volumetric efficiency)

® Maximum integrity of bonds to silicone insulator (for
case-bonded design)

_22-
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v) o Minimum combustible residuals and effect created
thereby on ramjet takeover

(U) Table 3-1 lists the booster design requirements, Figure 3-1 shows
a typlcal booster internal configuration as it existed at the onset of
the Booster Development Program,

3.1.2 Ballistic Analysis

(U) Ballistic analyses of the case-bonded design and the alternate SVS
design are discussed in the following sections.

3.1.2.1 Trade Studies and Baseline Case-Bonded Design

(C) Selection Criteria. Selection criteria for the case-bonded grain
configuration and propellant formulation used in preliminary tradeoff
studies were established from the performance requirements specified in
Table I of Exhibit A of the contract as related to various solid rocket
motor design factors., These criteria and design relationships are dis-
cussed below,

(1) A neutral pressure-versus-time curve consistent with the
specified 1820-psia maximum expected operating pressure
(MEOP) is desired to minimize the ratio of maximum to
average pressure (P ), thereby minimizing chamber
length and weight, §§ziavgof the motor chamber wall is
entirely constrained by the booster operating conditions,
This is because the nominal operating pressure of the booster
motor is much higher than that of the ramjet sustainer. It
is especially important, therefore, that the booster operate
at the most efficient conditions with respect to chamber
design. A neutral-burning booster motor will provide the
highest performance for a given chamber weight because the
wall thickness of the pressure vessel (chamber) depends on
the highest expected pressure condition, and delivered
specific impulse increases with pressure. Consequently,
full utilization of the allowable working pressure over
the entire burn duration is highly desirable,

(2) Minimum total motor weight and motor case length are desired.
Volumetric efficiency should be maximized and propellant
density-impulse should be at a maximum consistent with re-
quirements,

(3) Minimum propellant sliver and residual combustibles must be
achieved during rocket motor tailoff (ramburner startup).
This can be accomplished by proper grain and grain retention
design and by minimizing sliver-producing elements such as
erosive burning.

)
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TABLE 3-1

TNTEGRAL ROCKET BOOSTER DESIGN REQUIREMENTS

ITEM

Nominal Motor Action Time, Seconds (70°F)
Boost Thrust, Pounds (70°F)

Maximum Thrust Variation, Percent of
Nominal

Maximum Chamber Pressure, PSTA (Any Temp.)

Minimum Delivered Isp, Pound-Seconds/Pound

P

Maximum Propellant Nk, %Z/degree

Action Time Total Impulse, Pound-Seconds
(70°F)

Maximum Total Motor Weight, Pounds
Maximum Case Length, Inches

Case Outside Diameter, Inches

Case Wall Thickness, Inches

Insulation Material -

Insulation Thickness, Inches

Maximum Throat Erosion Rate, Inches/sec

PERMISSIBLE
VALUE VARIATION
4.1 2
30,000 44,0%
210 . L
1,820 e
2451 L
0.20
122,1001 21,07
862.52 s
44,02 .
18.0 3
0.128 X
Dow-Corning 93-104 ’ =
0.25 to 0.50 =
0.002 9

IMotor performance is based on 70°F sea level operation. Isp is defined at
1000 psia chamber pressure and expansion to 14.7 psia with a nozzle half

angle of 15 degrees.

2The major program objective is to minimize total motor weight (includes
propellant, chamber, booster nozzle, ramjet nozzle, insulation liner, igniter,
inlet attachment, and nozzle release mechanism), and motor case length ,

Classified by _ASD/XR

Fxempt from Gereral D-claccification
fchedule of Ixacubly: 2vricy 11652
Ecemption Cateiery __ 3.

Declassify on Indefinite
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(C) A grain sliver 1s defined as the propellant remaining in a
motor at the time corresponding to major web burnout, All
of the grain design candidates given serious consideration
should possess minimal sliver and ideally should be sliver-
less, Consequently, talloff will approach that of simple
chamber blowdown, with very small slivers due only to inherent
manufacturing variations. Combustible residual materials in-
clude rocket motor insulation and stress relief flaps. To
achieve minimun combustible materials, the total quantities
of these items must be minimized. Influencing factors include
nonuniform propellant webs, which require use of local peripheral
insulation, and web fraction in conjunction with propellant
structural allowables, which defines the stress relief flap
configuration. Internal ballistic phenomena, such as erosive
burning, must be controlled since they typically produce non-
uniform propellant burning at various stations in the motor,
generating propellant slivers and causing premature exposure
and consequent burning of insulation. It is desirable to
achieve a booster motor design that will exhibit negligible
erosive or nonuniform burning effects. To aid in this goal,
physical and effective port-to-throat area ratios of 1,30 and
1,62, minimum, were established as groundrules for the minimum-
risk baseline design. Grain structural integrity also in-
fluenced this limitation for the case-honded motor. Motor test
data demonstrated negligible erosivity at 1.3 port/throat ratio.
Secondary flow effects are expected to be minimal because no
nozzle submergence is proposed. The technique of designing
to lower port-to~throat area ratios, while at the same time
tapering the grain port to minimize the flow effects, is dis-~
allowed because it is inconsistent with the sharp tailoff re-
quirements.

(4) State-of-the-technical-art selection of grain configurations and
propellant formulations will be adhered to, assuring credible
design values for ballistic characteristics and propellant prop-
erties,

(U) Grain configuration and performance tradeoff anciyses were conducted to
determine an optimum design that best fits the selection criteria. The grain
design studies involved consideration of ballistic requirements, grain struc-
tural capabilities, and minimum sliver and tailoff impulse. A discussion of
the detailed grain design tradeoffs follows,

(U) Grain Design Studies, Several controlling assumptions were made at the
outset of the grain design study effort, including the following:

® A nominal instulation thickness of 0.375 inch is required for
ramjet operation. C onsequently, all of the thermal protection
required during booster operation was as an additional insulation
requirement.

258
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(U) e A minimum structural safety factor of 1.5 for the grain

was imposed. This factor includes an assumed 20-percent

degradation of propellant physical properties due to aging.

(C) Four basic grain configurations were evaluated for the case=-bonded
approach, These were as follows:

(1)

(2)

(&)

(4)

Keyhole: This configuration, shown in Figure 2-3, meets the
basic design goals and is ideally sliverless, The neutrality
of this grain, which burns internally and on its aft face, 1is
exceptional, having a maximum-to-average burn area variation
during web consumption of less than 3 percent, This relates
to a maximum-to-average thrust variation of 7 percent, well
within the required 10-percent limit, Estimates of pressure
and thrust versus time are shown in Figures 3-=2, 3=3 and 3-4
for +70, +165, and -65°F, respectively, This design was
ultimately selected and demonstrated in a number of subscale
motor firings.

As 1llustrated, the keyhole configuration is basically a
circular port with a single longitudinal slot whose depth is
s8lightly less than the thickness of the web. The keyhole is
"straight-through", that is, it runs the full length of grain.

Radial slot: The configuration shown in Figure 3-5 meets the
basic goals in that it is ideally sliverless and provides
reasonably neutral performance. The pressure-versus-time perfor-
mance for this preliminary design 1s presented in Figure 3=6.
The maximum-to-average performance variation for this configu-
ration is 1.13, which exceeds the specified 1.10 maximum value.
Nevertheless, it is quite possible that the required neutrality
could be achieved by additional tailoring of the grain geometry.
As 1llustrated, the radial slot is located near the middle of
the grain., Other slot locations, such as near the forward
closure (conocyl), were evaluated. However, these locations
were less desirable in terms of grain structural integrity and
motor processability.

Forward circular-port/aft-star configuration (similar to Figure

1 of Exhibit A of the contract). This grain design has a
progressive, cylindrical port in the forward portion of the
grain, and a regressive three-or four-point star configuration

in the aft grain portion. This combination provides a reasonably
neutral trace and ideally sliverless geometry., However, this
configuration did not excel in any of the desirable grain design
and performance areas, and this class of grain design is the
least desirable from a structural integrity standpoint.

Modified keyhole: This design is very similar to the previous
keyhole design except that it incorporates an anchor at the
bottom of a shortened keyhole slot (see Figure 3-7). This
modification permits use of a conventional, one-piece mandrel
for motor loading. With the exception of the mandrel-removal
feature, this configuration was not outstanding from a perfor-
mance or weight standpoint. 27
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Figure 3-5 Radial-Slot Grain Design
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(U) All of the above grain configurations are characterized by high
volumetric loading, relatively neutral burning, and ideally sliverless
burnout (or nearly so).

(U) Grain configurations requiring a center support structure (e.g., rod

and tube) were not considered, because of their inherent complexity. Further-
more, grains that require propellant surface restriction material were re-
jected because they result in more residual material at burnout, are more
costly to fabricate, and tend to degrade performance reproducibility.

(U) Baseline Design Selection. Of the candidate grain configurations dis-
cussed above, the keyhole and center-located radial slot designs were
evaluated in greatest detail as offering the most desirable features., The
results of a detailled performance tradeoff between these two designs are
presented in Table 3-2.,

(C) 1In each case, the propellant physical properties were adequate to permit
maximum web fractions consistent with a minimum physical port-to-throat area
(1.30) constraint. Because of insulation requirements and the volume lost to

a radial slot, the keyhole configuration shows a slight performance advantage
in terms of lower motor weight and case length. 1In addition, the keyhole grain
is more neutral than the radial slot design.

(U) Both designs presented are structurally adequate for an 87-percent solids-
loaded propellant formulation.

(U) On the basis of a lower motor weight and case length as well as more
favorable curve neutrality, i.e., lower ratio of maximum to average thrust,
and less complex grain forming processes, the keyhole was selected as LPC's
baseline case-bonded grain design approach.

(C) Motor Characteristics, The selected keyhole grain design, with a web
fraction of 0.75, delivers a thrust of 30,000 1bf over an action time of 4.07
seconds, and a total impulse of 122,100 1fb-sec within the MEOP constraint as
specified in the contract. These values correspond to +70°F and sea level con-
ditions. Pertinent ballistic performance and design parameters are summarized
in Table 3-3. A component weight summary is presented in Table 3-4. 1Ignition
and tailoff transients for +70°F are presented in Figures 3-8 and 3-9i.

(C) The data in Table 3-3 are based on properties for the baseline 87-percent
solids-loaded propellant formulation. The ballistic values presented in the
table are referenced to the nozzle centerline. It 1s recognized that a small
nozzle cant angle may be desired, as indicated in Figure 1 of Exhibit A to the
contract. Due to the small angle, motor-centerline and nozzle-centerline
performance values are not expected to differ by more than one-tenth of one-
percent.

(C) Nozzle Configuration Considerations. A preliminary nozzle design optimiza-
tion study was conducted for the purpose of arriving at a configiration upon
which to base performance predictions and cost estimates. The two major design
goals, minimum total motor weight and motor length, were found to be mutually
exclusive when applied to nozzle design. Assuming a constant motor total
impulse, the minimum motor-weight design optimizes at a relatively high expan-
sion ratio (> 9) and low half-angle. On the other hand, the minimum-length

-34=
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Table 3-2
PERFORMANCE TRADEOFFS FOR CASE-BONDED DESIGN

Grain Configuration

Center-Located

Key:iole Radial Slot

Port-to-throat ratio s 1.3
Base burn rate at 1, 000 psia, in./sec 1.34 1.27
Action time, sec 4,07 4,07
Grain length, in. (a) 372 37.6
Ratio of maximum to average thrust 1.07 1.13
Web fraction 0.75 0.72
Propellant solids loading, % 87 87
Grain safety factor(?) 1.90 2.5

(with 20-percent aging degradation)

(@)provides 122, 100 1b-sec impulse

(b) Propellant allowables based on measured data

2l
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Table 3-3

CONFIDENTIAL

BASELINE MOTOR BALLISTIC PERFORMANCE AND DESIGN SUMMARY
(Sea-Level Conditions)

Contract Proposed Baseline Design
Requirements

Item +70°F +70°F +165°F -65°F
Nominal motor action time, sec ‘4,1 4,07 3,52 5,00
Boost thrust, 1b 30, 000 30,000 34, 960 24,100
Max thrust variation, % of nominal 10 7.0 7.0 6.9
MEOP (any temperature), psia 1,820 -- 1,820 --
Delivered I , sec 245(2) 248 250 245
Maximum propellant my , %/°F 0. 20 0.15 0.15 0,15
Action time total impulse, lb-sec 122, 100 122,100 123,070 120, 300
Action time average pressure, psia -- 1,372 1, 586 1,116
Nozzle throat diameter, in, -- 4,234 4, 234 4,234
Nozzle exit diameter, in. -- 11,935 11,935 11,935
Nozzle half angle, deg -- 20 20 20
Nozzle expansion ratio -- 7.95 7.95 7.9:
Minimum port-to-throat, physical -- 1.30 1. 30 1,30
Minimum port-to-throat, effective -- 1,62 1.62 1.62
Max-to-average action time pressure -- 1.066 1,067 1.065
Maximu'm web fraction -- 0.75 0.75 0.75
Grain length, in, -- 37.2 37.4 37.0
Propellant weight, 1b -- - 491.7 491, 7 491,7
Propellant density, 1b/in,? = 0.0650 Ho -
Burn rate at 1,000 psi, in, /sec -- . 1,34 1.46 1. 26
Burn rate eprnent (n) =h 0.59 0.59 0. 59

(2) Minimum delivered specific impulse at 1,000-psia chamber pressure and expansion

to 14. 7 psia with a nozzle half-angle of 15 degrees.
corrected to the same conditions is 247 seconds.

~3e

CONFIDENTIAL

Motor delivered value



AFRPL-TR-75-10 CONFIDENTIAL

Table 3-4

RAMJET BOOSTER WEIGHT SUMMARY
(Keyhole Grain Design,
Case Bonded)

Component Weight, 1b

GFE hardware(a)

Chamber 160, 9
Booster nozzle 43,5
Ramjet nozzle 85,3
Inlet attachment 8.5
Nozzle release mechanism §.1
Subtotal 306.3
Propellant grain 491, 7
Igniter 0.5
Liner 1.9
Insulation: b
Ramjet 48, 3(P)
Rocket 4,5
Release flaps 3.%8
Total inert 365.3

[e o]
w0
-~
(=)

Total weight

(a) Values from Martin-Marietta Corp Document,
"Configuration Control and Performance Bulletin for
Integral Rocket/Ramjet,' dated January 1973,

(b) DC 93-104 material only: 0.375-inch nominal thickness.

3.
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(C) design optimizes at a relatively low expansion ratio (£5) and high
half-angle. Since the thrust-to-weight ratio of the vehicle during booster
operation 1s relatively high, the ideal velocity increment (4V) is believed
to be a better optimization parameter for nozzle design purposes., Optimiza-
tion to this parameter also results in a reasonable compromise between motor
minimum weight and length. The results of the optimization are presented in
Figure 3«10, Inspection reveals that a nozzle half-angle of 20 degrees is
near optimum, In addition, maximum AV is seen to be a relatively weak
function of nozzle expansion ratio, With a half-angle of 20 degrees, optimum
performance is achievable with an expansion ratio anywhere within a range of
from about 6 to 8,

(C) The design point value of 7,95, indicated in the figure, was selected
after a review of UTC Drawing C10444, received as a part of Appendix A

to Exhibit A of the RFQ. The selected design point requires the least change
to the nozzle design as presented in the drawing, This change is minor,
consisting only of a decrease in nozzle throat and exit diameters of 0,136
inch., The 20-degree nozzle half-angle is thereby retained. Such a minor
change in internal nozzle dimensions is consistent with the requirements of
Paragraph 4,3.2 of Exhibit A of the contract.

3.1.22 Tradeoffs and Alternate SVS Design

(C) For the alternate approach using the SVS for grain retention, the following
criteria were used in conducting preliminary tradeoffs and in selecting the
proposed propellant formulation and grain design:

(1) A neutral pressure-versus-time curve consistent with the
specified 1820~psia MEOP is desirable in order to minimize
the P /Pc tatio.

max —avg

(2) Because minimum case length is desired, volumetric loading and
impulse-density of the propellant should be maximized.

(3) The same goal (as for the case-bonded design) of achieving
minimum propellant sliver and other residual combustibles
at motor burnout was maintained, even though the SVS approach
is more forgiving because the propellant cup and its residual
contents will be ejected when ram-air enters the chamber.

(4) The SVS design approach should represent demonstrated, state-
of-the-art technology as developed at LPC since May 1970 on the
AFRPL-funded Unique Grain Retention System Program.

(5) A minimum port-to-throat ratio of 1.2 was established for the
alternate SVS approach to take advantage of the higher web.
fraction permitted by the stress-relieving grain retention
system,

-40-
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Figure 3-10 Vehicle Ideal AV-versus-Nozzle Expansion Ratio and
Divergence Angle
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(U) Laboratory testing and test firings were conducted to assess and
verify proposed details of materials and design approach.

(U) The principal tradeoff conducted to establish the proposed grain
design for the SVS approach was related to grain configuration and pro-
pellant formulation. The same general design philosophy prevailed for
selection of the grain configuration as in the case-bonded motor, but
the propellant selection criteria were somewhat different,

(U) The principal grain configuration considerations were related to

Items 1, 2, 3, and 5 above., Whereas the principal constraint on pro-

pellant selection in the case-bonded motor was achievement of adequate
physical properties, processability 1s the most significant constraint
in the SVS design.

(U) The same four basic grain designs were evaluated for the alternate
approach as described in Subsection 3.1.2.1 for the case-bonded approach
These were:

(1) Keyhole
(2) Radial slot
o Forward end slot
e Center slot
(3) Forward circular port/aft star configuration
(4) Modified keyhole

(U) All of these grain configurations are characterized by high volumetric
loading, relatively neutral burning, and ideally sliverless burnout (or
nearly so).

(U) As for the case-bonded design, the keyhole and radial slot (in longi-
tudinal center of grain) were selected for detailed tradeoffs.

(U) A decision was made to propose a minimum port-to-throat area ratio of

1.2 for the alternate SVS approach since it is a more significant constraint
on volumetric efficiency for the SVS design than for the case-bonded design.
For the case-bonded design, the physical properties of the propellant are a
major constraint on the web thickness (port size). However, the physical
properties are not a constraint on the SVS approach, permitting selection of

a port-to-throat area ratio entirely on the anticipated limits due to erosive
burning. The threshold ratio, below which unacceptable erosive burning occurs,
has not been established, if indeed such a ratio exists for the proposed pro-
pellant.

(U) Several subscale motor tests have demonstrated negligible erosive burning at
a port=to-throat ratio of 1.3. The data from one motor with a 33-inch-long
grain and a port-to~throat ratio of 1.0 demonstrated that this propellant has

a very low susceptibility to erosive burning. On this basis, the selection of
a port-to-throat area ratio value of 1.2 18 not considered overly optimistic.
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(U) Table 3=5 presents a summary of the data for the performance trade-
off for the keyhole and radial slot grailn configurations in an SVS design,
An 88-percent solids propellant was selected as having the highest solids
loading with demonstrated processing characteristics acceptable for this
program,

(C) On the basis of these tradeoff data, and for the reasons shown on the
lower portion of Table'3-5 the keyhole grain was selected for the SVS approach,
As a point of interest, snould propellant tailoring result in an 89-percent
solids propellant that would be adequately processable for the SVS design,

the potential decrease in grain length is af follows:

Solids, % ‘Grain Length, inches
88 37.20
89 36,97

(U) SVS Grain and Performance

The keyhole grain selected for the alternate motor design is shown in Figure 3-6.
A summary of its characteristics is presented in Table 3-6 . Also shown in

the table for comparison are the contract requirements. Thrust and chamber
pressure-versus-time curves for +70, +165 and -65°F (at sea-level) are given

in Figures 3-11, 3-~12 and 3-13, respectively. Table 3-7 presents a weight
summary for the motor, It can be seen in Table 3.¢ that all requirements

are met,

(U) The selected propellant grain has a forward end web because it is

structurally acceptable with the SVS retention approach. The selected grain
is theoretically sliverless.
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Table 3-5

SVS MOTOR GRAIN DESIGN TRADEOFFS
(88-Percent Solids Propellant, +70°F, Sea Level)

Grain Configuration

Parameter Keyhole Radial Slot
Port-to-throat ratio 1,20 1. 20
Burning rate, at 1,000 psi in, /sec 1. 34 1. 27
Action time, sec 4, 07 4, 07
Grain length, in, 37.2 37.6
Chamber pressure ratio,

max/avg at +70°F 1,10 1.13
Web fraction 0.76 .72
Selection Reasons
Keyhole Design (1) Lower motor weight and case length

(2) Lower P, max/Pc avg

(3) Better processability
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Table 3-6

SVS MOTOR BALLISTIC PERFORMANCE AND DESIGN SUMMARY
(Sea - Level Conditions)

Alternate (SVS) Design

Contract
L R +165°F -65°F
Item

Nominal motor action time, sec 4,1 4,07 3512 4,99
Boost thrust, 1b 30, 000 30, 000 34, 950 24,120
Max thrust variation, % of nominal 10 10,0 10,0 9.9
MEOP (any temperature), psia 1,820 -- 1, 820 --
Delivered I, sec 245(2) 248 250 245
Maximum propellant w,, %/°F 0. 20 0.15 0.15 0,15
Action time total impulse, lb-sec 122,100 122,100 123,070 120, 400
Action time average pressure, psia -- 1, 340 1, 548 1,090
Nozzle throat diameter, in, -- 4,234 4, 234 4, 234
Nozzle exit diameter, in, -- 11,935 11,935 11,935
Nozzle half-angle, deg -- 20 20 20
Nozzle expansion ratio -- 7.95 7.95 7.95
Minimum port-to-throat, physical -- 1,20 1. 20 1. 20
Minimum port-to-throat, effective -- 1.50 1.50 1.50
Max-to-average action time pressure -- 1,099 1. 099 1,099
Maximum web fraction -- 0.76 0.76 0.76
Grain length, in, -- 37.2 37. 4 37.0
Propellant weight, 1b -- 491.7 491.7 491.7
Propellant density, 1b/in.? 2 0.0653 o0 56
Burn rate at 1,000 psi,. in, /sec “- 1,34 'l. 46 1, 26
Burn rate exponent, n -- 0.59 0.59 0.59

(a) Minimum delivered specific impulse at 1,000-psia chamber pressure and expansion

to 14, 7 psia with a nozzle half-angle of 15 degrees,

corrected to the same conditions is 247 seconds,
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T able 3-7

RAMJET BOOSTER WEIGHT SUMMARY
(Keyhole Grain Design, SVS Alternate)

Component Weight, 1b

GFE hardware(a)

Chamber 160,9
Booster nozzle 43,5
Ramjet nozzle 85.3
Inlet attachment 8.5
Nozzle release mechanism 8.1
Subtotal 306, 3
Propellant grain 491:7
Igniter 0.5
Liner 1.9
Insulation (b)
Ramjet 48,3
Rocket 1.0
Cup/fluid 9.0
Total inert 367.0
Total weight 858, 7

(a) Values from Martin-Marietta Corp Document,
""Configuration Control and Performance Bulletin for
Integral Rocket/Ramjet,' dated January 1973,

(b) DC 93-104 material only: 0.375-inch nominal thickness,

-49-

CONFIDENTIAL



AFRPL-TR-75-10 CONFIDENTIAL

(This page Unclassified)

3, 1.3 Structural Analysis

(U) The basic propellant grain configuration for the fullscale case bonded
Integral Ramjet Booster motor has remained essentially unchanged since
originally conceived and proposed for utilization in the development program.
The keyhole grain concept offers both ballistic and structural advantages
over other concepts studied by LPC and extensive subscale testing has shown
that it also affords significant total system advantages,

(U) At the onset of the program the case-bonded motor contained a combina-

tion full head end inhibitor and release flap and an aft end release flap. This

arrangement represents what LPC considers to be a widely accepted standard
conservative approach to grain design and retention.

(U) A thorough structural analysis of this configuration was performed on the
basis of the physical properties measured for the 87-percent solids propel-
lant (LPC-691B), These properties are discussed in Subsection 4.2, They
were further reduced for use in the analysis, as shown in Figures 3-14 through
3-17. Figures 3-14 and 3-15 show the allowables as a function of time and
temperature for the thermal loading and pressure loading, respectively,
Figures 3-16 and 3-17 show the master relaxation modulus curve and the
accompanying log aT shift factor curve, which was also used to shift the
allowables to their locations in Figures 3-14 and 3-15, Based on these
allowable and modulus curves, the induced loads are summarized and
compared to the allowables in Table 3-8, The minimum safety factor for

the unaged condition was +2, 4 and for the aged condition was +1.9, both of
which are for the innerbore hoop strain for the worst-case combination of
thermal and pressurization loads at -65°F. This last safety factor includes

a 20-percent reduction in allowables for aging, These safety factors show
that the grain will successfully perform under all environmental and opera-
tional loading conditions,

(U) Therefore, the status of the analysis at the onset of the program indicated
that for the physical properties displayed by LPC 691B propellant cured at
+1159°F, combined with the keyhole grain which incorporated release flaps at
both ends, the structural margins of safety were well in excess of the minimum
required values,

(U) As is recognized in the Integral Rocket Ramjet System inert residuals
remaining at the end of booster burn are of concern as related to transition
performance and should be held to an absolute minimum, The residuals
consist largely of the unconsumed liner, release flaps and inhibitors, The
keyhole grain design minimizes inert residuals through careful control of
liner thickness and utilization of silicone release flaps and inhibitor compo-
nents, However, in full consideration of the stress relieving aspects of the
keyhole grain and the apparent design conservatism as indicated by the struc-
tural safety margins, it was deemed worthwhile by both AFRPL and LPC to
analytically evaluate the possibilities of removal of one or both of the release
flap components, If successful, this approach offers the obvious advantages
of reduced residuals, lower cost and improved reliability, To facilitate this
approach a comprehensive grain structural analysis was initiated in the first
month of the program, In addition to evaluation of the elimination of release
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(U) flaps an additional objective was to determine minimum bond strength
requirements including the influence of the filled combustion insulation out-
gassing holes at the bond interfaces, This work was conducted on a parallel
basis with final analytical optimization of the grain dimensions, As previ-
ously mentioned the grain remained essentially unchanged with exception
of a minor thinning from 0,85 to 0,05 inches in the web under the keyhole slot
to produce a slightly higher onset thrust curve and further neutralize the
performance curve shape, Additionally, the comprehensive stress analysis
included the effects of a higher propellant cure temperature (145°F) as
opposed to 115°F used in the initial analysis, The 145°F cure temperature
was selected for use on the program to minimize the schedule impact which
would have been imposed by the extended time required for curing at 115°F,

Comprehensive Stress Analysis

(U) Structural loads imposed on solid propellant grains range from relatively
simple thermal, pressure, and acceleration conditions to complex phenomena
involving transients and mechanically coupled nonlinear responses, In most
applications transportation and handling loads of 10 g are required although
these are not always permitted at the temperature extremes, Vibration spec-
trums must also be withstood particularly in external air carry applications
where supersonic flight regimes can induce severe dynamic conditions,
Transient thermal gradients can occur under aeroheat or aerocooling conditions
in some systems and are capable of producing failures analagous to '"thermal
shock' phenomena, Coupled response structural phenomena include acoustic
instabilities or resonant burning which produce pressure excursions that in
turn result in case failures, Secondary conditions can cause concern for other
structures, One such condition is low frequency vibration modes which could
result in structural difficulties for the carrying vehicle. An example of this
would be a fundamental vibration mode of less than 10 cps in a missile intended
for air carry on certain supersonic aircraft,

(U) Because the propellant is a tailored polymeric material, it is possible

to adjust its mechanical properties over a wide range and obtain an optimum
for a specific set of design load requirements, Criteria for the propellant
properties arise from the system loads and environments as well as from the
type of geometry selected for internal ballistic considerations, An end burning
design for example may require a higher modulus than a star perforation design
for an identical application,

(7) Tailoring a propellant for optimum mechanical properties should relate
to specific load conditions which in general are poorly defined in the early
stages of development, In general it is not possible to achieve large struc-
tural margins through such tailoring without sacrificing specific capabilities,
High strain capabilities, for example, can be obtained at the expense of stress
capabilities or through modulus reductions which may result in unfavorable
dynamic response capabilities,

(U) Clearly the design process needs an early guide to structural adequacy

without a prohibitive amount of analytic computations and without leading to
ill advised manipulations of the mechanical prope rties of the propellant to

-56-

UNCLASSIFIED



AFRPL-TR-75-10

UNCLASSIFIED

(U) meet vaguely defined loads, Fortunately, there is a method of achieving
this structural integrity by concentrating the early attention on specific loads,
Low temperature storage and operation have been the most critical loading
condition encountered by most tactical solid rocket motors produced, If a
propellant grain design is capable of meeting these historically critical condi-
tions without recourse to unusual design variants or to extensive propellant
tailoring, it will tend to have structural margins that are greater under the
more complex yet less severe conditions, In particular, if these critical
conditions are met while adhering to structurally sound engineering practice
as regards the other loads anticipated, the design will have a high praobability
of meeting all specific load requirements when they are subsequently defined,
Finally, by postponing the mechanical property optimization, this avenue is
available for exploitation should some unusual condition be encountered later
during development. Lockheed Propulsion Company has followed this practice
in this program giving careful attention to the geometric characteristics that
lead to high structural margins under typical tactical weapon applications,

(U) The Integral Ramjet Booster motor propellant grain is of the single slot
keyhole configuration which represents a favorable structural geometry,
Thermal loads are relieved by the slot, which penetrates close to the outer
wall while acceleration is easily supported by the large bond area. Difficulties
under sustained dynamic loads such as encountered in high speed air carry
conditions are predominantly due to thermal effects caused by large deforma-
tions, These deformations are low in designs of this type due to the absence
of free cantilevered portions such as those that are obtained in star perfora-
tion geometries, Acoustic instabilities are also less probable in asymmetric
configurations such as this, and the structural advantages of these designs
have been well understood for many years, The combination of structurally
favorable geometry with good propellant mechanical properties results in a
grain that is capable of withstanding all the currently envisioned structural loads
for the system, The most critical loading condition is considered to be opera-
tion at low temperature, Development motors were therefore subjected to a
detailed evaluation of the structural adequacy under this condition, Other
loads should result in greater structural margins although specific conditions
should be checked when the system is further defined, as some extreme load
such as severe aerodynamic heating may result in unanticipated difficulties.
Specific loads of this type are not clearly defined at this time due to the early
stage of development.

(U) Structural adequacy under the low temperature operation condition was
established by performing a linear viscoelastic analysis of the design and by
supplementing the computations with structural analog motor experiments,
Mechanical properties of the propellant were interpreted as linear visco-
elastic responses by imposing time /temperature shift assumptions on test
data obtained over the anticipated range. This characterization is depicted
in Figure 3-16 where the regularity of the resultant curves indicates that the
characterization is valid, Computer analyses were next made using these
properties, Finite element computer codes were employed for these calcula-
tions which consisted of plane and axisymmetric representations subsequently
combined to represent the three dimensional structure, The keyhole propel-
lant grain has the configuration of a solid cylinder with an axial perforation
consisting of a circular cylinder bore, concentric with the outside of the grain
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(U) and a single radial slot. This type of configuration lacks simple
symmetries and therefore requires a three-dimensional stress analysis,

In this analysis, the three-dimensional character of the stress-strain fields
was obtained by combining two-dimensional solutions which represent
orthogonal sections of the geometry.

(U) The most significant geometric characteristic from a structural con-
sideration is the constraint imposed by case-bonding of the propellant grain,
Geometrical constraints prevent thermal expansion and contraction deforma-
tions, thereby producing high stresses, Because these constraints are
three-dimensional in character, it was necessary to account for this aspect
in the analyses, Mathematical complexities associated with these structural
problems are such that computer evaluations are necessary. LPC has
developed a finite element numerical analysis computer code specifically
for such problems and employed it in this analysis, The computer program
is capable of resolving three-dimensional stresses in three types of geome-
tries, solids of revolution, planar solids, and infinite length solids of con-
stant cross section., Clearly the booster grain does not fit any of these
categories, so a composite solution method was employed. First, the
axisymmetric portion of the propellant grain was analyzed taking care to
include all constraining aspects. Next, an analysis was made of a trans-
verse section using the planar solid representation.

(U) In order to apply this latter result to the first solution, it is necessary
to compute the stress variation that occurs in the circumferential direction,
interpret this as a stress or strain factor, and multiply the first solution by
these factors, Consider, for example, the circumferential or ""hoop' strain.
The integral of hoop strain around the circumference at a constant radius
cannot be significantly changed by strain variations around the circumference,
as the motor case maintains the outer boundary circular. What does happen
is that increased hoop strains in one part of the circumference are compen-
sated by decreases in other locations. The maximum strain increase is the
ratio of maximum planar solution strain to average planar solution strain as
computed around a constant radius circumference, This ratio is multiplied
by the axisymmetric result to yield the maximum hoop strains for the grain,
A similar process yields the maximum bond stresses.

(U) Factors obtained in this manner were combined with the axisymmetric
computer solution to yield the maximum values and factors of safety pre-
sented in Table 3-9.

(U) The variance in bond stress was taken as a stress factor, which was
subsequently applied to all bond stresses computed through the axisymmetric
computer analysis., In addition to this nonaxisymmetric bond stress variation,
the periodic holes drilled in the insulation cause local stress fluctuations,

The influence of these holes was accounted for by factoring the results by
100/91 to represent the 91-percent of the total area that does not contain
holes, and by a stress factor of 2, This latter factor is derived from the
parabolic stress pattern that is obtained under thin bond pads.
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(U) Specific factors obtained for use in the computer program were:
Nonsymmetric strain factor 5.9
Bond stress total factors 3.47

(U) Included as an integral part of the comprehensive stress analysis was
the analysis to establish the structural significance of removal of the release
flaps. The analysis assumed that no release existed at the aft end in either
case, inclusion or exclusion of the forward release. Thus a direct compari-
son of the effects on grain structural capability could be made. The bonded
configuration was modeled as a grain with a base that equalled the inner
circle of the keyhole at the forward end, and tapered to the web outward of
the slot tip aft of 2.5 inches from the forward dome, as shown in Figure
3-18, A comparison of the fully bonded result with the previous forward
release flap design indicated that maximum stresses and strains were essen-
tially unchanged, but that a greater portion of the grain is subjected to
slightly higher stress/strain levels in the bonded design., The structural
margins are thus not changed significantly, and the analysis indicates that
the forward release may be eliminated without significant structural risk

to the design., Although, as previously stated, the total elimination of
release flaps has both cost and transition performance advantages, there
are other technical considerations which must be acknowledged. These
points relate primarily to the forward release flap, which also constitutes
an inhibitor for the forward portion of the grain. The forward inhibitor is
necessary to maintain the proper ballistic profile, This must be done by
either inhibiting, as in the current configuration, or by bonding to the for-
ward dome of the motor.

(U) As recognized, LPC's primary approach for bonding utilizes the FEP
film. In a bonded head-end approach, without the integral release flap/
inhibitor, compound contouring of this FEP film would be required to pro-
vide the necessary bond interface. Development of the tooling and techniques
to achieve this is certainly possible, but in consideration of the nature of the
program and schedule constraints, LPC's decision was to retain the forward
inhibitor /release flap component while eliminating the aft end release.

(U) As recognized, a unique aspect of the integral ramjet booster propellant
grain design, which is distinct from other solid rocket motors, is the con-
figuration of the DC 93-104 insulation between the grain and the motor case,
The characteristics and configuration of this insulation are dictated by the
ramjet, not the solid booster, so its construction is unusual for solid rockets,
In particular, the insulation is perforated with approximately 3000 %,-inch-
diameter radial outgassing holes, each hole having a non-elastomeric
material filling the perforation. In a solid rocket motor it is important that
the insulation be, for all practical purposes, incompressible, a condition
that can be met if the perforation filler is appropriate, The interrupted bond
obtained in the non-perforated portions of the insulation must be capable of
supporting all the bond stresses. Periodic bond patterns such as this have
been extensively studied in conjunction with stress-relieving liner concepts,
and found to be favorable under low temperature thermal conditions, How-
ever, due to the reduced bond area, a periodic stress variation results in a
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Figure 3-18 Finite Element Grid for Axisymmetric Computer Stress Analysis of Propellant Grain
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(U) stress factor of two above the average for normal non-interrupted bonds.
Both the reduced area and the increased stress factors were applied to the
computer solution (which was related to a continuous bond) and effects of
these factors are included in the computed structural safety margins,

(U) Conclusions. Table 3-9 summarizes the results of the propellant
grain structural analysis, For purposes of clarification, the following is
a summary of the conditions under which the analysis was performed.

o These analyses were performed using an axisymmetric
computer program, assuming a 145°F propellant cure
temperature

° An integration of the hoop strains from the generalized plane
strain run was performed to determine an effective web to be
used in the axisymmetric run

° Three configurations were run: full head-end bond, half head-
end bond (to edge of glass closure), and no head-end bond

® Each configuration was run with and without an aft release
flap

® An accounting for the reduced area due to the insulation holes
was made, increasing the induced stresses

(U) The following are the conclusions derived from the analysis:

° The critical region for the minimum bondline safety factor
occurs at the head-end for shear stress for the combination
of thermal plus pressure loading.

° Each bond configuration shows an adequate factor of safety to
guarantee the structural integrity of the grain. Therefore,
flaps are not required by the grain structural analysis,

e The minimum safety factor (1.5) remains strain critical, and

occurs at the longitudinal center of the grain. This safety
factor is adequate to guarantee the grain structural integrity.
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3.1.4 Thermal Analysis

(U) Presented in this section is the thermal analysis of the integral rocket/
ramjet booster, Components analyzed included booster internal insulation,
ramjet case forward dome cover, booster nozzle and ramjet nozzle,

3.1.4.1 Booster Internal Insulation (Case Bonded)

(U) Insulation thickness requirements for the side wall of the ASALM com-
bustion chamber/booster case are basically set by the needs of ramjet mode
operation, Work to date under the Ramburner Freejet program by The
Marquardt Corporation has established this requirement to be 0,375 inch
thickness uniformly over the side-wall, of the baseline DC 93-104 material,
However, consideration of the total integrated propulsion system must
necessarily factor into the design the impact of booster operation on this
insulation material prior to the onset of ramjet operation, Although of com-
paratively short duration, booster operating temperatures are somewhat
higher than ramjet operating temperatures, and local flow velocities asso-
ciated with grain configuration can be high., Degradation of the insulation
available for ramjet operation can, therefore, be expected, at least locally,

(U) The specified DC 93-104 insulation is a silica- and silicon-carbide-
filled elastomer containing carbon reinforcement fibers, This material
forms a firm, porous char layer, resulting in minimal postfire afterburning
and ejectable debris as compared to more commonly used rocket motor
insulations, Lockheed has assessed the impact of booster operation on ram-
burner insulation design, This assessment is well founded and based on
analysis backed by empirical data in actual motor firings, The impact is
minor, but does require careful consideration of what, if any, effect accrues
during ramjet operation, The design basis assumed was that the thickness
of virgin DC 93-104 insulation at the start of ramjet operation must be at
least equal to the minimum, nominal thickness of 0.375 inch. This requires
that a maximum additional thickness of 0.140 inch insulation be added during
initial fabrication to the location beneath the grain slot. The additional
insulation thickness is less at locations away from the slot, and at angular
locations beyond about 60 degrees away on each side, no additional insula-
tion is required beyond that needed for ramjet operation, This tapered con-
figuration thus results in a non-circular mandrel for insulation casting.

(U) Joint review of these results in coordination meetings with ramjet and
systems contractors has indicated the desirability of maintaining a circular
insulation configuration, This simplifies insulation mandrel design and the
off-gas hole and filler fabrication sequence. Since the 0,375-inch uniform
side-wall insulation thickness specified for ramjet mode operation is more
than adequate for case protection during rocket mode operation, the possi-
bility exists for making no local increase in thickness, providing that local
degradation of insulation at the start of ramjet mode operation is accept-
able, LPC data indicate that this local degradation consists of thermal
conversion and normal char formation by the DC 93-104, with the char
remaining in place. This corresponds to normal behavior of the material
under ramjet operating environment, under which the material is designed
to char through completely before ramjet burnout. Thus, the net effect of
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(U) rocket operation appears to be a somewhat earlier completion of char
formation in the local region beneath the grain slot, This question of design
basis for rocket mode insulation requires Air Force resolution,

(U) Analysis. Rocket booster internal insulation requirements and thermal
analysis locations are summarized in Figure 3-19, The design requirement
to maintain a +400°F maximum temperature at the ramburner insulation
interface prior to ramjet ignition was established. This isotherm represents
the initiation of density change determined by thermogravimetric analysis,
This requirement is met at all locations by the insulation design. The

DC 93-104 booster insulation tapers uniformly both longitudinally and cir-
cumferentially, Beneath the keyhole slot centerline, the insulation is 140
mils thick at the aft end and tapers to 70 mils at the forward end. The insu-
lation also tapers circumferentially from a maximum beneath the slot center-
line to 55 degrees on either side, where it blends into the existing ramjet
insulation, The remaining 250 degrees of the motor circumference has only
20 mils of LPL-59 liner. The ramjet nozzle entrance requires an additional
100 mils of silica-phenolic or 200 mils of DC 93-104 for booster operation,
The motor forward closure requires a uniform 70 mils of DC 93-104,

(U) Thermal gradients for the booster insulation (DC 93-104), including char
depth (+800°F isotherm) and +400°F isotherm locations, were obtained from
the Charring Material Thermal Response and Ablation Program (CMA III),
As a further check on the thermal model, LPC conducted an independent char
depth correlation study based on all available industry firing data with

DC 93-104. This study revealed good agreement with the char depths as
predicted by the CMA III program,

(U) The complete analytical sequence of the thermal analysis is depicted in
Figure 3-20. The molecular composition of the combustion products in the
motor chamber for both equilibrium and frozen flow were determined with

the LPC Chamber Gas Thermochemistry Program. In addition, this pro-
gram calculated, as a function of static pressure, the static flame tempera-
ture, enthalpy, entropy, molecular weight, specific heat at constant pressure,
one-dimensional velocity, and gas density for the nozzle flow expansion
process.

(U) The data obtained from the Thermochemistry program were subsequently
used in the LPC Chamber Gas Transport Properties Program to determine
the viscosity, heat capacity, thermal conductivity, Prandtl number, and
density of the gas mixture, required for the flow field analysis.

(U) The Equilibrium Surface Thermochemistry Program (EST III) was then
used to calculate the variation of enthalpy with temperature for the molecular
composition of the boundary layer edge gas. The thermodynamic state at the
surface of the ablating insulation as a function of pyrolysis gas and char rates,
normalized with respect to mass transfer coefficient, was also determined
from the EST III program. The data obtained from this program were sub-
sequently used in the CMA program to perform surface energy balance
calculations,
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(U) The next step was to determine the necessary input for the Charring
Material Thermal Response and Ablation Program, CMA IIIl, This program
is an explicit finite difference solution for transient transport of thermal
energy in a three-dimensional isotropic material that can ablate from a
surface and can decompose in depth. The program calculates the transient
thermal response of a composite slab containing several in-depth charring
and noncharring materials, as well as the surface recession rate resulting
from diffusion or kinetically controlled surface chemical reactions and/or
mechanical melt removal,

(U) The CMA code, developed by Aerotherm/Acurex Corporation, is one of
the most sophisticated ablation models but does not possess the degree of
generality required to accurately account for the effects of swelling,
""coking', and in-depth changes in pyrolysis gas chemical composition. In
practice no ablation code exists that incorporates all of these effects. To
allow for these effects, which are prevalent in the DC 93-104 insulation
material, the CMA thermal modeling was partially modified in accordance
with the results reported by the Naval Weapons Center (NAVWPNSCEN) in
References 3-1 and 3-2, Thermal modeling conducted by NAVWPNSCEN is
briefly described below, as quoted from Reference 3-1:

'"NAVWPNSCEN developed a set of thermochemical properties for
use in the CMA code from available in-depth and external surface
temperature measurements. These temperature data were accumu-
lated from tests at NAVWPNSCEN, The Marquardt Company, and
UARL. All known properties of DC 93-104 (e g, virgin thermal pro-
perties, decomposition temperature thresholds, resin fraction,
virgin density) were input to CMA, The unknowns (e g, chemistry
of pyrolysis gases, decomposition rates, high-temperature thermal
properties, elemental composition of char) were simply estimated
and adjusted in such a way as to force agreement between CMA
predictions and the bulk of the temperature data. "

(U) The CMA III thermochemical properties used by LPC are presented in
Figure 3-21 and Table 3-10, Additional CMA III input involved the convec-
tive heat transfer coefficients and radiation heat fluxes. The derivation of
these parameters is discussed in the subsequent text.

(U) At this point, a ilow field analysis was conducted to determine the time-
dependent velocity profiles necessary for the calculation of the convective
heat transfer coefficient at the analysis locations. The velocity profiles
were obtained using a one-dimensional continuity mass flow balance as
shown below:

r, A
v = b’
G pGAf

= i
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Table 3-10

THREE-COMPONENT DECOMPOSITION MODEL

Minimum
Component Poi Pri Bi Ei/R, Temperature
Ibm/ft®  1bm/ft} Sec "} i OR of Reaction, °R
A (Resin) 60.75 32.4 0.448 x 10'° 3.0 0.368 x 10° +1360
B (Resin) 20.24 0 0.140 x 10° 3.0 0.154 x 10° +1360
C (Reinf.) 110,00 110,00 0 0 0 +9000
Resin Decomposition Gas Enthalpy
Temperature, °R 900 1800 2700 3600 4500 5400
Enthalpy, Btu/lbm -2450  -1340 110 2200 3250 4500

9P; Pi- Pri] %
5 - By Ry [T] exp [-Ey/RT|
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(U) Where
VG = gas velocity at the station investigated
Ab = propellant exposed surface area at corresponding time
Af = corresponding flow area
pp = propellant density
PG = gas density

(U) After establishing the flow field definition, the convective heat transfer
coefficients and the radiant heat flux to the surface were calculated. Con-
vective heat transfer coefficients were calculated with either the conventional
Bartz equation for rocket nozzles, or the Colburn analogy for a turbulent
flat plate, along the chamber sidewall:

Nu = 0.0296 Re t0-80 pp+0.33
X X

with Reynolds numbers selected to reflect the time-dependent insulation
exposure to gas flow,

(U) The radiative heat flux boundary condition was calculated on the basis of
the assumption that the particle-laden gas stream was optically thick, and
that the particles and the wall exchange radiant energy as if they were two
parallel plates. In addition, it was assumed that both the stream and the
insulation behave as gray bodies, and that they emit and reflect radiant
energy diffusely, Based on the above assumptions, the radiative heat flux
boundary condition is:

2 4 4
9 = Coff (oTs y Tw)
where
2 s A 1
€ ot (effective emissivity) = (.L Tiiges =
€w €s
0 = Stephen Boltzman constant
€ = wall emissivity
w
€ particle-laden stream emissivity
Ts = local stream static temperature

-70-

UNCLASSIFIED



AFRPL-TR-75-10 UNCLASSIFIED

(U) The effective emissivity was evaluated using a value of 0.9 for the wall
emissivity and using the following relationship for the emissivity of the
particle-laden combustion products:

€ =1-exp (-cTng pD)

8
where
C = propellant formulation dependent experimental constant
n = percentage of aluminum loading
p = local density of propellant combustion species
D = local beam length

(U) To check the char depth obtained from the CMA III analyses, a separate
char depth correlation study for DC 93-104 was conducted. Previous rocket
motor firing experience is listed in Table 3-11, The material has been under"
evaluation and in use as a lower-cost, superior-performance ablative
material by the Navy, Air Force, LPC, and industry since 1968. DC 93-104
has been used in variety of motors in various component locations (e g,
chamber sidewall, blast tube) that encompass wide ranges of heat flux, gas
velocity, and propellant composition (covering the entire operating regime

of the rocket booster motor).

(U) Investigated variables that influence char rate were local pressure, com-
bustion temperature, insulation internal diameter, local gas velocity,

and exposure time. The three primary variables influencing char rate were
found to be gas velocity, combustion temperature, and exposure time,
Computer analyses of the available data resulted in an exponential curve-fit
equation. All data points examined fitted this equation within a #2 sigma
limit where sigma equals 10.25 percent. Based on the rocket booster
operating conditions, a set of design curves was generated, as shown in
Figure 3-22, As stated previously, this char rate correlation was in good
agreement with the CMA III analyses. For purposes of rapidly determining
preliminary DC 93-104 insulation sizing, this char rate correlation appears
to be a good design tool.

3.1.4,2 Booster Internal Insulation (SVS)

(U) This Subsection describes the thermal design of the booster insulation
for the alternate SVS approach. The primary function of the booster insu-
lation, as discussed in Subsection 3.1,4,1 is to thermally protect the ramjet
combustor insulator during booster burn, For design purposes, this i
requires that the ramjet insulator interface temperature be maintained below
+400°F prior to ramburner ignition. This requirement is met by the insu-
lation design presented in Figure 3-23,
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Figure 3-22 DC 93-104 Char Rate Curves
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(U) The SVS system utilizes a propellant cup that is externally supported by
silicone fluid, In the alteruate design, the combustor insulator is thermally
protected by the insulative capabilities of the propellant cup, with only the
aft closure needing additional insulation for booster operation, As for all
previous SVS motors, the propellant cup is fabricated from a Lockheed-
developed carbon black and asbestos-filled polybutadiene-polyisoprene
elastomer, designated LPE-6,

(U) Thermal insulation requirements were determined with one of Lockheed's
Charring and Material Ablation computer codes, CHIRP IV, The code employs
an nth order rate equation to define the decomposition of a material, while
calculating the in-depth, one-dimensional thermal response utilizing an
explicit finite difference formation,

(U) The six analysis stations are basically the same as for the baseline
design. The primary difference is Station ! in the forward closure, where
the exposure time has been reduced by a head-end web over the entire dome,
The analytical procedures used are thus identical to those of the baseline
case-bonded design except that the Chamber Gas Thermochemistry and
CHIRP IV programs have been substituted for the EST III and the CMA 111
programs (Refer to Figure 3-20),

(U) For the entire forward dome and 250 degrees circumferentially of the
chamber sidewall, 40 mils of LPE-6 cup insulation is required. This
thickness is the minimum practical calendered sheet size for reliable,
defect-free fabrication and handling. The LPE-6 cup thickness beneath
the keyhole slot region tapers both longitudinally and circumferentially,
The taper is uniform longitudinally from 250 mils at the aft end to 40 mils
at the forward end beneath the keyhole centerline, Circumferentially, the
LPE-6 cup insulation tapers from a maximum beneath the slot to a minimum
of 40 mils, blending into the remaining cup insulation at the 55-degree web
burnout location on either side of the keyhole slot. The aft closure/ramjet
nozzle entrance section requires 100 mils of silica-phenolic or 200 mils of
DC 93-104 for booster operation,

3.1.4.3 Ramjet Case Forward Dome Cover

(U) In the case-bonded booster design, the dome cover is thermally pro-
tected from direct exposure to the high temperature combustion gases by
70 mils of secondarily bonded LPE-17, The insulator and the adhesive
system is identical to that utilized for the stress relief flaps. This forms
a protective layer, that in the postfire, charred condition would not be
expected to prevent the proper fracturing of the plug when it is blown out,
General Electric RTV-102 silicone was used to protect the glass plug in the
Martin-Marietta/LPC transition test motors, This material satisfactorily
insulated the plug, yet allowed it to fracture upon command,

(U) With the SVS booster configuration dome cover, insulation is not

required in that the dome is protected from the combustion gases by the
SVS cup and silicone fluid.
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3.1.4,4 Booster Nozzle

(U) The baseline booster nozzle is Air Force-supplied and analysis was
therefore limited to a cursory evaluation to ensure compatibility with the
LPC booster motor designs, Evaluation items included basic dimensions,
tolerances, materials and simple thermostructural analysis at critical
locations, The GFE design is compatible with the LLPC booster designs.
Final analysis will require waiting for the conclusion of nozzle develop-
ment testing under separate Air Force contract.

3.1.4,5 Ramjet Nozzle

(U) During the course of the program, and at the request of The Marquardt
Corporation, DC 93-104 was evaluated for potential use as the ramjet
nozzle liner material. Parameters evaluated were surface recession and
the sealing of the booster/ramjet nozzle interface against gas flow during
booster operation, Figure 3-24 shows the ramjet nozzle surface recession
and char profiles which occur during booster operation. Circumferential
location is in line with the propellant slot, which is the limit condition, The
recession ranges from 0,060 to 0.175 inch and char depth (400°F isotherm)
ranges from 0,140 to 0,275 inch. This amount of recession results in a
significant step in the entrance to the throat region of the ramjet nozzle,
This step will most probably degrade the ramjet nozzle performance, the
magnitude of which can only be established by extensive flow analysis or
testing, Industry experience would suggest a maximum nozzle perform-
ance degradation of 6 percent,

(U) In regard to gas sealing, the DC 93-104 can readily be processed to
form the proper surface for low pressure sealing, but the compressibility
under motor operating pressure would result in a weak or nonfunctional
seal,

3.2 FLIGHTWEIGHT MOTOR DESIGN
3.2,1 Baseline Design Description

(U) The motor design with the baseline case-bonded grain retention system
is shown in Figure 3-25 and a comparison of its characteristics with the
specified requirements is given in Table 3-12. This table shows that the
case-bonded approach is capable of meeting or exceeding all requirements
as specified in the RFP. Characteristics of the baseline design and the
reasons for the selected approach were presented in Section 2.

(U) The motor cases are government-furnished equipment items, complete
with DC 93-104 insulation in place. The ejectable booster nozzle design is

based upon results from the RPL Ejectable Nozzle Development contract,
and procured per government-furnished design drawings.
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Table 3-12

CASE-BONDED MOTOR PERFORMANCE SUMMARY
(Sea Level and +70°F)

|

Parameter RFP Requirement Proposed Design

Nominal action time, sec 4.1 4,07
Boost thrust, 1bf 30,000 30,000
Maximum chamber pressure,

any temperature, psia 1820 1820
Propellant m,, % /°F 0.20 max 0.15
Dzlel:ered specific impulse, 245 min(a) ZSO(b)
Action time total impulse,

1bf-sec 122,100 122,100
Case length, in, 44.0 max 41,65
Total motor weight, 1b 862.5 max 846.8(c)

(a) 1000 psi P_ to 14.7 psi expansion with a 15-degree half-angle;
motor delivered value corrected to same conditions is 247 seconds.

(b) Delivered under motor conditions
(c) Based on hardware weights reported in Martin-Marietta Company's

Configuration Control and Performance Bulletin, dated January 1973.
See Table 2-3 for detailed breakdown,
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(U) The motor case design includes the ramburner nozzle housing as an
integral part of the ramburner/rocket booster chamber. Case material is
an L-605 cobalt-base alloy. The chamber is 18 inches in outside diameter
with the cylindrical length established at the minimum required to meet
booster performance requirements,

(U) Based on the design studies in this phase of the contract, the cylindrical
chamber length for the case-bonded design is 41,65 inches from the forward
dome flange to end of the cylindrical section. For the alternate SVS design,
the chamber cylindrical length is 42.07 inches., The forward dome of the
chamber includes a port which interfaces with the ramjet air intake duct.
The dome port incorporates mounting and sealing surfaces for the dome
closure, which separates the air intake duct from the chamber during

booster operation,

(U) The chamber/ramburner nozzle entrance is insulated with DC 93-104,
The cylindrical section and forward dome insulation is 0.375-inch thick,
except for the area under the propellant port keyhole slot, where it is
increased 0.140-inch to 0.515-inch directly under the keyhole slot, and
tapers uniformly for 55 degrees on each side of the slot to the basic 0.375-
inch thickness. The insulation thickness varies through the inlet, throat,
and exit cone sections of the nozzle.

(U) The ejectable rocket booster nozzle seats within the ramburner nozzle
and is retained at the exit cone outer diameter by a retention/ejection
mechanism. An O-ring is used to seal the interface between the rocket
booster nozzle and the ramburner nozzle throat,

(U) To provide insulation aeroheat off-gassing paths, the cylindrical sec-
tion of the case insulation is drilled to provide a pattern of %;,-inch-
diameter holes on 0.75-inch centers for the escape of pyrolysis gases, The
holes are refilled with plaster-celogen pellets to support the propellant
grain in the case-bonded design. In the SVS design, the holes are filled
with the silicone fluid except for the area under the SVS seal, where the
holes are filled with pellets to support the seal.

(U) The case-bonded grain is provided with a release flap at the forward
end of the cylindrical section of the grain, This forward release flap is
bonded to and inhibits the forward face of the propellant grain, and extends
aft along the cylindrical section of the grain for 1.50 inches beyond the case
tangency point., The release flap material is 0,070-inch-thick LPE-17,

(U) The ramjet booster motor igniter consists of a tubular Teflon cannister
filled with a granulated magnesium Teflon pyrotechnic output charge, and
contains two initiators for ignition redundancy. The igniter cannister is
fabricated from two vacuum-formed tetrafluoroethylene (TFE) end caps
which house the initiators and a TFE tube which contains the output charge.
A groove is machined lengthwise on the outside of the tube wall to provide a
reduced wall thickness for directing the burning particles toward the pro-
pellant surface, The TFE end caps and tube are assembled by a heat-
sealing technique that makes the igniter airtight.
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(U) The initiators are potted into the end caps and the assembly is installed
in a molded rubber holder mounted on the nozzle. The high-energy initiator,
previously used on the SRAM missile, has a high no-fire capability (5 amp/
1.5 watts for 5 minutes), Firing current for the initiator is 15 amps at 28
volts DC,

(U) A critical review of the proposed GFE case design identified two design
areas which require additional analysis: the capability of the L-605 case
material and of the frangible pre-stressed glass dome to perform adequately
under booster rocket motor operating conditions. The L-605 alloy has
limited solid rocket motor case usage, and most of the available test data
are for elevated temperatures where the alloy has adequate ductility for

low pressure ramjet applications. The solid rocket motor operates at
temperatures as low as -65°F and at very high pressures. Resistance to
flaw growth and brittle fracture, therefore, is a prime requirements for the
chamber material and the chamber must be designed to meet fracture
mechanics, as well as structural strength, criteria,

(U) The potential problem areas resulting from the design environments
are:

(1) The development motor chambers will be subjected to
thermal cycles and vibration loads before motor firing
at -65, +70, and +165°F.

(2) The chambers are fabricated from roll and welded (TIG)
L-605 sheet that is cold reduced by shear spinning and
then girth welded (EB). The chamber also contains
numerous spot welds to anchor the convoluted retaining
bonds for the internal insulation,

(3) The L-605 (20 percent cold worked and EB welded) has
low ductility (1 percent elongation).

(4) The fracture strength and flaw growth resistance of
L-605 (cold worked and welded) at room temperature
and -65°F are unknown,

(5) Catastrophic chamber fracture during proof-testing or
motor firing appears to be a potential problem.

(6) Fracture toughness and flaw growth data for L-605 are
needed so that a fracture mechanics analysis can be
conducted to arrive at the allowable chamber loads and
the required proof test conditions,

(U) The forward dome closure to chamber boss joint, as designed in the
government-furnished drawings, is not adequate for rocket motor operation:

(1) No positive seal is provided between the closure and chamber.

An O-ring is normally used to seal this type of joint in rocket
motor design. An O-ring seal allows for tolerance differences

-82-

UNCLASSIFIED



AFRPL-TR-75-10 UNCLASSIFIED

(U) between the mating parts and will function to seal the joint
increased gap due to chamber boss rotation under rocket
motor operating pressure,

(2) No positive retention is provided against inward movement
of the closure. The rocket motor propellant grain will shrink
away from the closure during cure, and therefore provides
no support,

(3) Any dome closure which must be installed from the aft end
should be removable for motor processing, Access through
the forward boss is required for installation of the pellets
which are used to fill the holes in the insulation and to simplify
motor processing.

(4) If the dome closure should become damaged after the rocket
motor propellant grain is cast, with the design shown, the
closure could not be replaced without the loss of the booster
grain.

(5) Data for cyclic tests (pressure and temperature) and burst
tests at room temperature and -65°F are required so that
design criteria and inspection requirements for the pre-
stressed glass dome closure can be defined.

(U) Design changes to correct the noted deficiencies and test programs
required to provide data in the critical areas noted should be completed
prior to the initiation of work on Phase III of the program. In addition, any
changes and/or data generated should be subject to review by the ramjet
booster contractor to ensure that the rocket motor environmental condi-
tions can be met.

(U) These two items have been discussed at coordination meetings with
other contractors. A program to develop fracture toughness data for the
case material is underway at Air Force Materials Laboratory. However,
it is considered essential that a fracture mechanics analysis be performed
by the booster contractor to ensure acceptable performance in flightweight
motor demonstration tests.

(U) Furthermore, a task was undertaken by the ramjet contractor to
examine redesign details of the forward dome closure to chamber joint,
The objective of this task is to answer the points raised above by appro-
priate design changes.

3.2.2 Summary of Demonstration of Baseline Design Approach
(U) Extensive design, analysis, and testing work has been conducted on all
aspects and features of the baseline design. This Subsection illustrates the

direct relationship of these tasks to the features of the proposed full-scale
design,
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(U) Table 3-13 provides a comprehensive overview of the tests conducted,
Figure 3-26 shows the configuration of the subscale case-bonded motor used
in the LPC/Martin transition demorstration tests, This configuration, with-
out ejectable nozzle and frangible glass port cover, and approximately 2
inches shorter in length, is identical to that used in LPC's other subscale
motor firings and analog motor tests,

(U) These subscale motors incorporated all of the features and functions

of a full-scale motor. They are in fact essentially identical except for size
(6-inch versus 18-inch diameter) to the full-scale heavyweight motors
which were planned for the program. These 6-inch subscale motors

had test objectives keyed to proof of specific areas of the design such as
ballistic performance, propellant grain structural integrity, interface bond
integrity, process development and verification, and residuals effects.
These are the same objectives that apply to the full-scale heavyweight motor
test program specified.

(U) Following are those features, functions, and components of the full-

scale motor design that are deemed critical to successful operation, to-
gether with a summary of how each has been proven through test at LPC:

LPC Approach How Proven

Propellant LPC-691 Fully characterized ballistically:

® 10 subscale motors at full-scale
motor condition

Fully characterized structurally:

e In subscale motors -65 to +165°F
e In analog motors to -100°F

Fully characterized processability:

e In 65 mixes ranging from 1 to 10
gallon sizes

Grain Configuration Keyhole 12 successful subscale tests have
proven:

e Desired ballistic curve shape
¢ Minimum sliver

e Sharp tailoff

e Minimum inert residuals

e Successful transition and ramjet
burn

e No erosive burning at port-to-
-84- throat of 1.3
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Table 3-13

SUMMARY OF TESTS CONDUCTED IN

SUPPORT OF CASE-BONDED INTEGRAL
RAMJET BOOSTER TECHNOLOGY

Test Date Description Results
1 March 1973 Four 6~ by 11-inch ballistic motor firings Success: Propellant burn rate, slope,
at -65 to +165°F and w, verified
2 March 1973 6- by 33-inch motor fired at +70°F with Success: No evidence of erosive burning
port-to-throat ratio of 1.0 preseure spike
3 April 1973 6- by 11-inch case-bonded prototype Success: Materials interface grain
motor fired at +70°F support and ballistice demonstrated
4 June 1973 6- by l4-inch case-bonded motor (Ma<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>