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1.0 INTRODUCTION AND SUMMARY

Il INTRODUCTION

The objective of the Maneuver Motor Array (MMA) Develop-
ment program was to conduct the analyses, design, and testing necessary
to develop a lightweight and integrated array of maneuver motors suitable
for HIT systems ground flight testing., This objective has been achieved.
A flightweight prototype MMA has been successfully developed and tested,
thereby providing verification of the design for use in HIT integrated
systems tests.

The MMA consists of 56 ""T'" burning solid propellant rocket
motors, arranged in two concentric cylindrical rows of 28 motors each.
These motors provide the lateral velocity increments to the HIT vehicle
which are required to execute intercept. The nozzles for all motors are
machined into a common, centrally located ring such that all 56 thrust
vectors are directed through the HIT vehicle center of gravity, With the
MMA rotating about its central axis, maneuvers can be made in any
direction normal to the axis of rotation by firing a selected motor when it
rotates into the proper position. The MMA also serves as the primary
structural element of the HIT vehicle. Toward this end, system stiffness
is enhanced by bondinyg zll tubes together as a unit using longitudinal
carbon prenolic intertube spacers and epoxy resin.

Stringent requirements were placed on the MMA as a conse-
quence of the HIT system mechanization. Some of the more unique and
critical requirements are: (1) provide a minimum AV of 970 fps to the
MMA with a 6.608 lb payload; (2) individual motor thrust misalignment
shall not exceed + 0. 259; (3) time to impulse centroid, defined as the time
interval between ignition command (current to initiation) and centroid of
the thrust-time pulse (point at which half the pulse total impulse is

delivered), shall be repeatable within + 1.25 msec from pulse to pulse;
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(4) individual motor action time shall not exceed 15 msec, and (5) mass
properties of consumables (center of gravity, ratio of pitch to roll
moment of inertia, and products of inertia) must be uniquely controlled.

This Task Completion Report covers the analysis, design, and
testing efforts conducted since PDR to develop the HIT MMA Propulsion
System. The work was accomplished by Vought Systems Division (VSD)
of LTV Aervspace Corporation, under U. S. Army Contract DAHC60-71-
C-0072. The major portion of the development activity was subcontracted
to Atlantic Research Corporation (ARC). Detailed design, envelope, inter-
face, performance, structural, and mass properties requirements were
specified to ARC by means of VSD Source Control Drawing Number 371B-
100010 and Procurement Specification Number 3-371-04-0-10185. Schedule,
deliverable hardware, and documentation requirements were likewise
established by means of Statement of Requirements Specification Number
3-371-13-0-10186.

The MMA design configuration established at PDR forms the
baseline for the development work described herein. A discussion of the
design, analysis, and testing efforts conducted prior to PDR, including
the rationale by which the baseline MMA configuration and materials were
selected, may be found in VSD Report Number 3-371-3R-Y-20023, dated
25 January 1972.

1.2 SUMMARY

Design and analysis efforts were condvu~ted to define in detail
a configuration capable of meeting the stringent performance, structural,
and mass properties requirements. A propellant characterization program
was conducted to define required propellant processing controls. Com-
ponent tests were conducted to characterize, develop, and demonstrate
the filament-wrapped motor tube, igniter, nozzle, insulator, end plug,
nozzle closure, and grain end configurations. Adequacy of the resultant

design was demonstrated by 25 successful heavywall motor tests and 31
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successful flightweight motor tests. The program culminated in fabrica-
tion of a complete prototype MMA and successful test of all 56 motors,

The MMA development program was initiated in March 1972,
and completed in Novernber 1973, A series of 39 heavywall firings were
performed in April 1972 to characterize the ARCEF 143 B propellant.
Concurrently the igniter development program was initiated and efforts
were directed toward the extremely detailed analyses required to define
and justify the MMA design. During the month of May, analytical studies
were conducted to optimize the system frequency by making the structure
as stiff as possible without overstressing the bond joints. The resulting
structural design was approved during a design review meeting held at
the end of May 1972, and ARC was released to proceed with the fabrication
of a structural model. With the approval of the structural design, motor
case orders were released. Near the end of June squib assemblies capa-
ble of meeting the MMA ignition requirements became available,

In early July, the individual flightweight motor tests were
initiated. Two tests were conducted to gather further ballistic data to
confirm the flightweight motor case design, and four were conducted to
evaluate thrust alignment. Five of the motors fired as expected, but the
fourth thrust alignment test motor suffered a case rupture at ignition due
to an excessively high chamber pressure, and a failure analysis was under-
taken. The results of the investigation showed the primary problem to be
unbonded areas between the carbon phenolic motor case insulator and the
propellant grain. Other factors that could have contributed to the failure
included damage to the propellant from igniter blast and overstress of the
propellant.

While techniques to improve the propellant-case bond were
studied, two more tests were conducted to evaluate the effects of adjacent
motor tube interaction (ATI) in late August 1972. The first motor fired

normally but the second resulted in another failure. Post-test analysis
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showed that the motor case threads burned through at the nozzle ring. In
addition, movies and heat flux data taken during the ATI tests revealed the
exhaust plume would impinge on the battery and telemetry subéystems.

At this point a plan was defined for a series of single motor
tests to diagnose and eliminate the design defects. Specifically, the tests
evaluated the following items: (1) the effect of igniter impingement on the
propellant grain; (2) the effect of unbonded areas at different locations in

the propellant to motor case interface; (3) the effect of softened ignition,
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and (4) the effect of lengthening the nozzle on plume impingement. These
tests involving 37 motor firings, were successfully concluded in January
1972 and appropriate corrective changes were incorporated into the MMA
motor design.

In early February 1973, a series of design confirmation tests
were initiated. Following a program stop-work in mid-February 1973,
work was resumed in late March 1973 and by the end of the month a total
of 15 heavywall titanium motors incorporating all of the design changes
were successfully static-fired.

In May, June and July 1973, 6 heavywall and 7 flightweight
motors were fired to evaluate oscillations recurring in the pressure time
traces, All 13 motors performed as expected.

In May 1973, 6 flightweight motors were subjected to shock
and vibration testing. Three of the units and a control unit were then static
fired. The other 3 units were fired at a simulated spin rate of 25 rps.

All motors operated as expected and showed no significant difference in
ballistic performance under spin conditions. In June 1973, 10 thrust
alignment tests were successfully conducted, 6 with flightweight motors
and 4 with heavywall motors. This constitutec completion of the compon-
ent development phase of the program, which had involved firing 102 heavy-

wall and 25 flightweight motors.



Due to limited funding, the prototype phase of the program was
re-scoped to the assembly and tesi of a single array, and the IST production
phase was postponed. During the months of August through October 1973,
the prototype inert array was assembled and balanced, disassembled and
cast with propellant, reassembled, bonded, balanced and inspected. In
November, the array was successfully fired under static, spin and self-
induced shock conditions. All 56 motors were successfully fired with
ballistic performance which met the VSD specification limits, as discussed
in section 4.0 of this report. These 56 motors, plus the last 56 motors
fired during the component development program, brought the total number
of consecutive successful motor firings to 112,

Based on these accomplishments, it is concluded that the MMA
development has been successfully completed and that the existing proto-

type MMA design is suitable for use in HIT Integrated Systems Tests.
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2.0 MMA DESCRIPTION

2.1 DESIGN
2.1.1 Assembled MMA

The MMA consists of 56 '"T' burning solid propellant rocket
motors, arranged in two concentric cylindrical rows of 28 motors each.

The . ozzles for all motors are machined into a common, centrally located
ring such that all 56 thrust vectors arec directed through the HIT vehicle
center of gravity. One hundred and twelve motor tubes are threaded into the
nozzle ring in opposing pairs to form the 56 motors. With the MMA rotating
about its central axis, incremental maneuvers can be made in any direction
normal to the axis of rotation by firing a selected motor when it rotates into
the proper position. To provide stiffness, all tubes are bonded together
using longitudinal carbon phenolic spacers and epoxy resin. Four equipment
mounting rings are bonded onto the resultant tube bundle to form the MMA
assembly,

The current design (Prototype) MMA is depicted in Figures
2-1and 2-2. Comparisons between the current and PDR MMA designs are
illustrated in Figures 2-3 and 2-4, and summarized in Table 2-I. The
current design differs from the PDR design only at the detail level. The
more significant design changes since PDR include: (1) making inner and
outer row motor lengths equal to provide commonality; (2) lengthening nozzle
exit cones to prevent plume impingement on external subsystems; (3)
lengthening and changing insulator material to prevent burn throughs; and
(4) increasing case and overwrap wall thicknesses to improve burst margin
of safety. Each of the MMA components is described in the following
sections,

2. 1.2 Nozzle Ring

The nozzle ring is a single piece structure which contains all 56

nozzles of the Maneuver Motor Array. The ring has threaded openings to

accept the 112 motor tubes which make up the 56 individual motors.
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Z-1 Prototype Mancuver Motor Array
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TABLE 2-1

MMA MATERIALS AND GAUGES

Component

PDR Design

Current Design

Nozzle Ring

Motor Tube

Tube Overwrap

End Plugs

Igniter

Propellant
Grain

Insulator

Nozzle
Closure

Equipment
Rings
Inter-Tube
Spacers

Equipment Ring
Spacers

4130 Steel, 0.1 in. long
exit cone

6 Al-4V Titanium;
0.0075 in.

Thornel 400T Graphite;
0.0095 inch

7075-T6 Aluminum

110 mg Charge/Guilding
Metal Can

ARCEF 143 B

Carbon Phenolic, 0. 020
x 0.171 inch

Cylindrical Mylar;
0.007 inch

Beryllium, 0.25 inch
wide

Carbon Phenolic,
1 piece

Carbon Phenolic

Same, 0.7 in. long
exit cone

Same; 0.010 inch

Same; 0.014 inch

Same

Same/Same
Same
4130 Steel, 0.020

x 0.432 inch

Conical Nylon;

0.008 inch

Same, 0.35 inch wide

Same, 2-piece

Same

11
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Those areas of the structure between motors not required for strength
or nozzle geometry have been lightened by judicious removal of material.
The ring is made of 4130 steel alloy heat treated to 145,000 1
psi ultimate strength, The final-machined nozzle receives a electroless
nickel coating (. 0002 inch) to protect against corrosion,
Several of the dimensional features of the nozzle ring are of

note. The perpendicularity and parallelism betweer the inside and outside

diameters and the sides of the ring are maintained to less than 0. 0005 inch.
Close control has been placed on these surfaces since they arec used to
position the nozzle ring with respect to the pitch, roll, and yaw axes of
the MMA. Accurate positioning of the ring with respect to these refer- %
ences is critical to the pick-up and balancing operations required as part |

of the HIT vehicle manufacture, TIR tolerances of 0.001 inch have been

applied to the nozzle throats and exits to ensurc that the nozzle falls within
l the 1/4 degree thrust misalignment requirement, Additionally, close

control is maintained on the angularity of the exit cones. All faces requir-

‘ ing critical tolerances are ground and lapped, producing a 16 microinch finish

in almost all cases.

o T

2.1.3 Motor Tube

The MMA motor tube is a thin-walled titanium alloy tube over-
wrapped with graphite filament. The tube is threaded at both ends to mate
with the nozzle ring, and either the tube end plug or igniter.

The tube has been designed to take the best advantage of
material properties while minimizing weight. The metallic portion of the
motor tube is titanium alloy 6A1-4V, heat treated to an ultimate tensile

strength of 165,000 psi. In the thin-walled section of the tube, wall thick-

o R i e 5t A e S SRS BT ot B TR S

ness is held to 0,010 + 0. 0005 inch. This thickness has been chosen as
the minimum thickness required to provide the required axial strength.
Additional hoop loading capability is derived by overwrapping the titanium 1

with a graphite filament designated Thornel 400T (Union Carbide),
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impregnated with epoxy. This overwrap is machined to a thickness of

0.014 inch. The titanium has been locally thickered (0.0155 to 0. 0165 inch)

on the internally threaded end of cach tube in the area left exposed (with-
out propellant cast against it), to accept the end plug or igniters. Heating
of these exposed sections reduces the material properties such that a
thicker section is required to maintain axial strength during the firing.

As part of the overwrapping process, two primer coats of NARMCO
2021-10 Nitrile Phenolic Primer are applied to the external surface of the
titanium motor tube. This primer is dried and the overwrap wound directly
onto the primer. Full cure of the primer is accomplished as part of the
cure of the overwrap. This primer is required to develop adequate over-
wrap~-to-case bond strength.

The inside diameter of the motor case is dry-honed to a 22
to 32 micron uniform finish prior to casting propellant. This finish serves
to provide a uniform surface for propellant bonding.

2 1.4 Igniter

The MMA motor is ignited from one end of the motor by a squib
that serves not only as the igniter, but also one of the motor end closures.

The basic housing of the igniter is an aluminum 7075-T6510
body with protective finish. A glass-to-metal header is bonded into
the body with Scotchcast EC-1838. This header contains two 15-mil
KOVAR leadwires onto which the bridgewire is subsequently welded. The
bonded assembly is designed to withstand a proof pressure of 12, 000 psi.
The seal is also hermetic to a level of 10-6 cc/sec leak rate.

A 0.00012 inch diameter tungsten bridgewire is welded between
the two leadwires. A primer charge of 18 milligrams of KDNBF (Potassium
Dinitrobenzofuroxan) is buttered onto the bridgewire. The main squib
charge consists of 92 milligrams of "Bullseye'' (Hercules) smokeless
powder. The charge is compacted to a packing density of 0. 60 gram/cc
in a copper alloy can which is roll-crimped onto the 7075 aluminum body.

Packing is required to prevent a cg shift prior to motor operation.

13



The 0,010 inch thick can is crimped at the squib output c¢nd
into &4 six-prong star crimp which remains closed until squib ignition.
Upon ignition, the burning squib mix opens the star-crimped can, relcas-
ing the hot gasses down the bore of the grain.

The can has been sized just under the motor case inside diam-
cter, such that the opening can will be supported by the motor case wall.
This requirement became evident during heavywall testing when the squib
can released from its header because the can overexpanded. Release of
the can could produce, (a) burning mectal in the motor exhaust, and/or (b)
damage to the grain from metal pieces cutting the grain surface, both of
which are unwanted effects,

To ensure can retention at the roll crimp/body joint, a bead
of EC 1838 cpoxy is inserted into the roll crimp joint. At the output star
crimp, the prongs are dip soldered to ensure a tight seal. This tight seal
permits a rapid pressure buildup (hence good powder ignition) prior to expul-
sionofthe burning Bullseye powder charge. The igniter isdepicted in Figure 2-5.
& 14 5 End Plug

The motor tube end plugs are similar to the igniter bodies.
They are made from aluminum alloy 7075-T6510 and contain an identical
pentagon-shaped recess to provide a torquing location for installation.

The internal face of the plug extends inboard of the threads to provide a
retaining barrier for the Armstrong A2 thread sealant,

2.1.6 Support Rings

Four beryllium rings are provided as part of the MMA, Thesc
rings serve two inajor functions: (a) to stiffen the structure, thus increas-

ing the system natural frequency; and (b) as attachment points for the

various subsystems that mate with the MMA to produce the HIT vehicle.
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The rings are mountcd in pairs on cither side of the nozzle ring,
one inboard and the other outhoard of the motor tube bundle. Movement of
the outer rings rclative to the nozzle ring and to cach other provides flexibility
in initial balancing of the HIT vehicle.

Beryllium has been selected as the ring material because of its
stiffness and iow density. The specific requirements placed on the beryllium
are as follows: ultimate tensile strength = 50, 000 psi; yield strength = 40, 000
psi; clongation = 2. 3 percent. The rings receive a protective finish of
"Berylcoat D', a conductive protective finish.

The rings are contoured to fit the shape of the motor tube bundle.
Carbon phenolic spacers are bonded to the radii, which mate with the motor
tubes. These spacers minimize the strain incompatibility between the rings
and motor tubes during motor pressurization. EA 943 epoxy is used as the
adhesive,

2.1.7 Spacers

The motor tubes of the MMA are tied together for structural
purposes by means of molded carbon-phenolic spacers which are bonded
longitudinally between the motor tubes. The spacers are contoured to fit
between adjacent tubes. This contouring provides alignment as the spacer
is slipped into place and prevents the spacer from slipping through between
tubes. Spacers are bonded both from the outside and inside of the tube
bundle utilizing EA 943 epoxy adhesive.

2.1.8 Insulator

The motor tube insulator is a 0. 020 inch thick, 0.432 inch long
cylinder of 4130 steel. Its function is to protect the end of the motor case
nearest the nozzle from the severe heating and erosion effects caused by
the combustion gas. Insulator bonding surfaces are roughened to enhance
bonding to the motor tube and the propellant grain.

2 LR Nozzle Seal
The nozzle closure is a thin-walled (0. 005 to 0. 008 inch thick)

cylinder of Nylon bonded into the nozzle ring in the 0. 322 inch diameter

16



port perpendicular to the throat. The closure end opposite the igniter is
tapered to scerve as a buffer to the pressure wave produced at motor ignition.
This taper forces the closure against the grain surface, thus sealing the
joint, The closure is bonded in place with EP 12 epoxy.

2.1,10 Propellant Grain

The propellant used in the MMA is a non-aluminized difluora-

mino designated ARCEF 143 B. The major constituents are 1, 2, 3-tris
[a B -bis (difluoramino) ethoxy] propane (TVOPA) and 7 micron
ammonium perchlorate.

The cast gruin is configured with a cylindrical center port. Each
motor contains two cylinders of case-bonded propellant. The cylinders are
of different lengths to compensate for the cg offset caused by having the
motor igniter at one end of the motor. All grain ends are tapered at 30
degrees to the bore. The stand-off distance between the fully opened
igniter and the beginning of the grain taper is approximately 50 mils. A
port-to-throat ratio of approximately 1.0 has been employed in the MMA
configuration to achieve maximum loading density while minimizing weight.
2.2 PERFORMANCE

Nominal (average) and 1o performance parameters for the
MMA are summarized in Table 2-II. Nominal pressure vs time and thrust
vs time traces are shown in Figure 2-6. These parameters were derived
by a statistical analysis of the data obtained from motors fired subsequent to
finalization of the internal motor design (Heavywall Confirmatory through
Array Batch Check motors). These data encompassed 56 motor firings from
7 propellant batches for most parameters.

2.3 MASS PROPERTIES

A mass property summary of the MMA consumables is presented

in Table 2-III. Table 2-1V presents a detailed breakdown of MMA component

weights and Moments of Inertia.
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TABLE 2-1I

T -

NOMINAL MMA PERFORMANCE

11
i
! Parameter Value j
; Action Time, msec 12. 76
o (1)
1 Ignition Delay, msec 0.56
Bl ‘ Time to Impulse Centroid, msec (2) 6. 72
" Maximum Thrust, lb. 802
Maximum Pressure, psi 8453
Total Impulse, lb-sec 7.93
Specific Impulse, sec 234.7
Smear Factor el 0. 869
(3)
Total AV, ft/sec 1009
(1) Includes only those firings utilizing final design
igniter,
(2) Includes only thrust alignment and subsequent
firings. 3
(3) Calculated assuming a 6. 608 1b, payload.
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FIGURE 2-6 Nominal MMA Pressure and Thrust Histories
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TABLE 2-III

MMA CONSUMABLES MASS PROPERTIES

Parameter Value
Ibitch (Inner) 10.96155
ISpin (Inner) 9.09841
IPitch/ISpin (Inncr) 1,20478
Ipitch (Outer) 11.75023
ISpin (Outer) 10. 67575
IPitch/ISpin (Outer) 1.10065
Axial CG (in. from point C) 0.00004 Fwd.
TABLE 2-IV

NOMINAL MMA MASS PROPERTIES SUMMARY

Item 1pitch ISpin Weight (1b)
Propellants 22.71178 19. 77416 1,893
Nozzle Ring 11.66315 23, 64561 1. 860
Motor Tubes 23.43164 17.07354 1.623
Insulators 1. 66422 3.22394 0.307
Spacers 4.50771 3.42697 0. 327
Equipment Rings 2.88582 3.79651 0z 392
End Closures 7.65213 2.87039 0.274

Total 74.51645 73.81112 6.676

* Includes 0.01358 1b, igniter charge
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3.0 DEVELOPMENT DISCUSSION

This section describes the detailed step-by-step development
of the MMA and presents results of test and analysis efforts conducted to

evolve and verify the MMA design.
3. 1 PROPELLANT CHARACTERIZATION

3201 L Ballistic Test Program

The ballistic test program was designed to study the effects of
process variables in propellant manufacturing on motor performance and
to assess candidate grain end inhibitors.

Ten 400-gram mixes were prepared with the following variations.
Six mixes were made with identical formulations and used the same lot of
ammonium perchlorate (AP). Three AP batches which were ground at
different times were utilized. The percentage of TVOPA was decreased
by 1/2% in the seventh batch and increased by 1/2% in the eighth batch. The
nominal 7-micron AP particle size was reduced to 6. 3 microns in the ninth
batch and increased to 7. 6 microns in the tenth batch. The batches and
the variables are listed in Table 3-1. Propellant from each of the 19 batches
was cast into heavywall steel motors. The units were static-fired at 60°F
and monitored for thrust and pressure versus time. The propellant grains
were tapered at a 30° angle at the igniter end only. The distance between
the igniter and the grain was 0. 350 inch.  Several different grain inhibitors
were evaluated in the tests.

A total of 39 motors were tested including 4 retests necessitated
due to hangfires. Two motors failed at ignition. The two failures were
attributed to the separation of the undersized igniter charge can from the igniter
body due to over expansion of the guilding metal. After the two failures,
which occurred in the first group of firings, a sleeve of 3016 rubber insulation
was added to the remaining motors. This sleeve supported the outside
diameter of the squib can and prevented any further anomalies in the remaining
tests. This condition was later eliminated by increasing the igniter can OD

to a close tolerance fit with the motor tube ID.
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TABLE 3-1

PROPELLANT CHARACTERIZATION MIX HISTORY

Scﬂhﬁ::lce Batch No. AP Grind No. Formulation

1 1 193 Standard
2 1R 193 Standard
3 2 194 Standard
4 2R 194 Standard
5 3 195 Standard
6 3R 195 Standard
7 4L 195 - 1/2% TVOPA
8 4H 195 + 1/2% TVOPA
) 5A 196 R2(6.3u) Standard

10 5B 196 RI(7.6 ) Standard
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Dctailed ballistic data and typical pressure and thrust traces
from these tests are given in Appendix 1. An analysis of these data indicated
excessive variability in specific impulse and burn rate (Table 3-II). A
between-batch burn rate variability of 4. 1% (1o ) was observed for the
first 6 batches (supposedly identical). However, the corresponding within-
batch variability was generally on the order of 2% (lo ). Likewise, a
between-batch variability of 3.8% (1o ) was observed between the seventh
and eighth batches (variable TVOPA). An analysis of the effect of burn
rate on the critical parameters of maximum pressure, smear factor, and
time to impulse centroid indicated that burn rate should be controlled to
+ 2% (la).

It was also noted that moderate ignition spikes occurred when
grain ends were not inhibited, that specific impulse was approximately
2% lower, and that specific impulse variability was higher as compared
to inhibited grains. Based upon these observations, the following con-
clusions were reached:

(a) Particle size of the ultrafine AP should be controlled
between 6.5 - 7.1 microns to control burn rate varia-
bility to within + 2% (1¢ ).

(b) TVOPA content should be controlled to within + 0. 25%
to control burn rate variability to within + 2% (lo).

(c) The igniter blast on uninhibited grains sometimes pro-
duces ignition spikes and corresponding low specific
impulse.

3,1,2 Laboratory Study

The purposes of the laboratory study were to:
(a) Develop criteria and control limits for physical

properties, viscosity, and burn rate.
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TABLE 3-II

PROPELLANT CHARACTERIZATION MOTOR BALLISTIC DATA SUMMARY

Propellant Burn Rates Corrected to 7000 psi

Propellant Batches AP No. of Avg., Burn lo Cv
Grind No. Samples Rate, in/sec in/sec %
1, 1R 198 5 6.13 0.14 2.3
2, 2R 194 3 6. 26 0.05 0.8
3, 3R 195 5 8§, 17 0.15 2.6
1, IR, 2, 2R, 3, 3R - - 13 6.02 0.25 4.1
4L, 4H 195 6 5. 85 0.22 3.8

Delivered Specific Impulse (Isp)

Nozzle Type, Grain End Avg. Isp, lo Cy
Row Configuration Samples sec. sec. %
Inner Inhibited 8 226.5 2.13 0.9
Outer Inhibited 3 2i16: 5 0.75 0.3
Inner Uninhibited 9 2215 5 2.77 1.3
Outer Uninhibited 8| 212:5 2.61 1.2
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(bh) Study the bonds between the motor case, the insulator
and the propellant,
(c) Perform tests needed to obtain DOT propellant ratings,

3.1.2. ] Burning Rate and Physical Properties

Under the first po'rtion of the study, mylar straws, approxi-
mately 3/16 inch in diameter were filled with uncured propellant from the
10 mixes. Strand burning rates were dctermined at 2000 psi in nitrogen
and at 11, 500 psi in an oil bomb. Strand burning rate molds were filled
with propellant and cured with the motors for the ballistic test program.
The cured sheets were sliced in® ' 16 inch square strands and combusted
in the oil bomb.

Small blocks c. propellant, 2 inches by 1.5 inches by 0. 375
inch were cast and cured from the 10 mixes. The blocks were micro-
measured and weighed to determine propellant density. The samples were
then die-cut to provide microtensile specimens with a one-inch gauge length.
The specimens were pull-tested at a rate of one inch per minute.

The major results and conclusions drawn from the data were as
follows:

(a) The end of mix viscosity will range from 4 to 6 Kilopoise

at mix temperatures between 120-130°F,

(b) Strand burning data cannot be used to predict the burning

rate variations that occur in motors since no significant
change in strand burning rate was obtained for the 10
mixes,

(c) Variations in propellant density and mechanical proper-

ties were larger than desired. Additional data are
required to establish control limits for physical pro-

perties. (See 3.1.3)

25




3.1.2.2 Bond and Inhibitor Studics

Two approaches were explored to bond the propellant grain to
the motor case. One approach was to cast the propellant directly against
a mechanically preparced surface. The other was to cast the propellant
against a liner or coating bonded to the case. The materials studied under
the second approach included the acrylic propellant binder, cellulose nitrate
lacquer and HTPB polymers. Tests were conducted to evaluate adhesion
and determine the propellant compatibility under both approaches. Under
the direct bonding approach, two methods were evaluated: (1) grit blasting
the titanium alloy (Ti-6Al1-4V) motor case with a 180 grit to a microsurface
of 40-43 microinch, and (2) vapor honing with MF glass beads to a micro-
surface of 25-30 microinch. Vapor honing produced the best bonds. Under
the second approach, preliminary tests led to the selection of two candidate
adhesive liners, cellulose nitrate and Chemlok #231. In the liner screen-
ing tests, propellant was cast anu cured against the following substrates,
313 carbon phenolic, Ti-5A1-4V titanium, and 4130 steel. After further
testing, in which the liners were bonded against the substrates, cellulose
nitrate was shown to produce the strongest bond regardless of surface
preparation. Consequently, both vapor honing the case and application of
a thin cellulose nitrate coating were selected to enhance case bonding. The
cellulose nitrate liner was later eliminated from the design when it was
discovered to be moisture-sensitive. The current design utilizes direct
bonds to dry honed cases and insulators which produces adequate bond
strengths.

In conjunction with the propellant adhesion studies, numerous
materials designed to inhibit the grain were bonded to cured propellant
samples and tested for bond strength. Four of these materials, EA 943,
Uralane 8089, Nitrocellulose and Ethyl Acrylate were tested in motors
under the Ballistic Test Program. Subsequent design changes, i.e.,

tapering of all grain ends, etc., eliminated the need for grain end inhibitors.
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9 h. 23 DOT Propcllant Rating
Samples of cured ARCEF 143B propellant, in the form of two-

inch by two-inch cylinders,were shipped to the Association of American
Railroads, Burecau of Explosives, where the following tests were performed:

(a) One cylinder was maintained at 75°C (167°F) for 48
hours. It did not ignite, decompose or change in
appearance.

(b) One cylinder was initiated with a No. 8 electric blasting
cap. It did not explode but ignited and burned very
rapidly.

(c) Four cylinders were placed in intimate contact on a bed
of Kerssene-soaked sawdust which was ignited. When
the fire reached the propellant, the cylinders burned
very rapidly without explosion.

Based on the above tests, the propellant was given a Department of
Transportation rating of Class B Explosive.

Drawings of the MMA and its Packaging were also transmitted
to the Bureau of Explosives. Based on a review of the drawings, the MMA
and its packaging assembly were assigned the following ratings:

(a) MMA - Class B

(b) Packaging Assembly - Class B - BA 1261

These low-hazard ratings reflect the low sensitivity and good

stability characteristics of the ARCEF 143B propellant utilized in the MMA,
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3, 148 Process and Physical Properties Controls

Because the propellant characterization batches yielded greater-
than expected variation in physical properties, it was decided to defer
establishment of control limits until additional batches had been mixed and
evaluated., The next batches to be mixed after the propellant characterization
batches were Numbers 6, 7, 8, and 9. The physical properties data from
Batch 9 exhibited extremely low modulus values; a review of Batch 6, 7, and
8 data further revealed a trend toward degraded physical properties. An
investigation of this problem indicated the probable cause to be inadequate
stripping of the solvent from the polymer during processing. Processing
methods were revised and tightened, and Batches 11, 12, 13, and 14 were
mixed and tested. Average values for Stress, Strain, and Modulus for these
batches are presented in Table 3-1II, along with comparable values for the
Propellant Characterization batches.

The latter values compare favorably with those for the propellant
characterization batches. Based on these data, physical property control
limits were established for the MMA motor propellant. Table 3-IV presents

these limits along with other propellant processing control information.

TABLE 3-1I1
PROPELLANT PHYSICAL PROPERTIES

Batch Maximum Strain at

Number Stress, psi Maxiumum Stress, % Modulus, psi
1-1R 107 26 720

2-2R 108 25 750

3-3R 97 24 699
5A-5B 105 22 808

11 121 27 830

12 115 27 778

13 141 27 887

14 140 31 830
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TABLE 3-1V
PROPELLANT CONTROL LIMITS

Physical Properties Limits

Minimum
Maximum Stress, psi 80
Strain at Maximum Stress, percent 20
Tangent Modulus, psi
Density, lb/cu in. 0.061

Maximum

1250
0.064

Weight Percentage

Mix Composition Nominal Tolerance
Ammonium Perchlorate 63.00 10.10
Carbon Black 1.00 10.01
Epoxy Resin 1.33 10.10
Ethyl Acrylate 4,88 10.02
Acrylic Acid 0.32 10.01
TVOPA 29,47 +0. 10

Minimum Maximum

Strand Burning Rate, in/sec at 10, 000 psi 6.5 Ts 5

Ammonium Perchlorate Particle Size (micron) 6.5 7.1

29
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3. 2 IGNITER DEVELOPMENT

The basic igniter concept was demonstrated during feasibility
tests prior to PDR. This unit was loaded with a bridgewire mix of 10 mg
of KDNBF and a main output charge of 100 mg of ""Bullseye'" powder. The

charge was housed in a guilding metal container, roll crimped at one end

to a glass/metal header, and crimped at the output end with a 6-point star

crimp. i
Modifications to the feasibility demonstration igniter were

required for compatibility with the specific MMA design requirements, A '

competitive procurement was conducted by ARC for igniter development

and deliveries. Space Ordnance Systems (SOS) was selected as the igniter

vendor, and go-ahead was authorized in March 1972.

G2 Initial Development

The flight weight header/body configuration was defined and
ordered. The header consisted of a glass to KOVAR seal using KOVAR
wire 0.010 inch in diameter. The header was to be bonded to the aluminum
housing/end plug using EC 1838 adhesive. The housing closely resembed
the end plug used at the other end of the motor, modified to accept the
header.

Concurrently, a development configuration was procured to
begin testing of the pyrotechnic aspects of the design. The development
version was similar to the flight weight wxcept for the bridgewire. The
flight weight design called for a 0.0001 inch diameter tungsten bridgewire.
The development igniter used a 0.001 inch diameter Nichrome V bridgewire.

The initial two closed bomb firings of the development unit
showed long rise times (time from current application to bomb peak pressure)
in excess of 10 ms. Investigations revcaled that, because of the configuration
of the star crimping tool, the bullseye loading density was 0.78 grams/cc

rather than the desired 0,70 grams/cc after crimping. Also, it was noted that
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SOS had selected 1100 aluminum for the charge can in the initial two tests,
A unit was subsequently manufactured using 7075 aluminum in the hope that
a stronger can material would improve the retention capability of the star
crimp. It was hypothesized that retention of the powder for a longer period
prior to expulsion would enhance the ignition of the power. Although the
hypothesis proved to be correct in the long run, this particular test showed

no measurable improvement over the previous two tests,

Two additional units were fired per the baseline configuration
except with the KDNBF weight increased to 15 milligrams. Some improve-
ment was noted in the rise time although this change alone was not sufficient
to yield satisfactory results.

In order to test the theory that rise time was directly affected
by loading density, a test series was conducted in which the bullseye charge
weight was varied while the volume was held constant. The results of these
tests clearly showed that as density increased, ignition delay increased.

It became apparent that the output charge density would have
to be reduced to below the 0.7 gm/cc design level. It also seemed appro-
priate to increase the KDNBF weight to assist in providing a faster rise
time.

To achieve the lower packing density, a longer can (. 344 in.
vs . 315 in.) was adopted. Two firings with 10 mg of KDNBF showed 5.0
and 5.2 ms. rise times. A third unit with 15 mg KDNBF had a 3. 4 ms.
rise time to peak pressure.

Based on these tests, a configuration with a loading density
of 0. 60 gm/cc, containing 92 mg of bullseye and 18 mg of KDNBF, was
established as the baseline design. As a check of this configuration, two
units incorporating the flight weight header and bridgewire were tested.

A pressure of 500 psi was reached in 0. 6 ms and peak pressure occurred

in approximately 4 ms.
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8. 2.2 Reliability Testing

3m 25 & |1 No Fire Testing

Four units of the baseline design configuration were subjected
to 35 milliamps for 5 minutes. One of the units was given 50 milliamps
for 5 minutes. No unit fired under these conditions. Subsequent ballistic
testing of these units showed no apparent degradation.

3.2.2.2 Random Vibration

To examine capability to survive the environments specified
in the VSD procurement specification, 5 units were subjected to the test
profile specified in Table II of Specification 3-371-04-0-10185. Units
functioned nominally subsequent to this test.

3.2.3 Igniter Qualification

Twenty units of the flight weight configuration were delivered
to ARC for closed bomb testing. The successful performance of these units
was to prove the acceptability of the design. However, two of the units com-
pletely failed to fire, and six of the units exhibited rise times in excess of
the desired 6 msec.

The failure investigation indicated that the probable cause of
misfires was a poor weld between the tungsten bridge and the KOVAR pin.
A 100 percent bridgewire pull test was therefore instituted to weed out
bad welds. Also, it was decided to gold plate the pin ends to achieve a
better welding medium. A similar procedure had been used by SOS
previously with regard to the '"microdot" squibs. This unit, in mass pro-

duction, employed a similar tungsten bridge/KOVAR pin arrangement.

The failure analysis indicated that the long rise times were
due to premature expulsion of bullseye powder from the squib can, Conse-
quently, the following actions were taken to assure ignition of a larger
percentage of powder prior to expulsion from the can.

(a) The star crimp was improved to make the seal tighter.
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(b) The crimp lips were dip soldered closed.

(c) The can material was changed to guiding metal to provide
additional strength,

(d) Adhesive was applied to the roll crimp joint to prevent

can rotation and gas expulsion.

3.2.4 Igniter Requalification

’ A series of 20 units were manufactured to the improved design.
Fifteen units were tested at SOS and five at ARC. Two of the units tested at SOS
cxhibited long delays, although the magnitude of the delay was considerably
less than had been previously experienced. All oiher units functioned
properly. Investigation by SOS identified the probable cause of the anomaly
to lie in improper dip soldering of the can, thus yielding an unsatisfactory
seal. A more rigorous soldering technique wac instituted,including 100
percent high-intensity light inspection of the seal with no leakage permitted.

Based on incorporation of this corrective action, the design
was frozen and released for production.

A production lot of 170 squibs was ordered from SOS.
Thirteen units were bomb-tested by SOS for lot acceptance; no anomalies
were noted. Sixty-three motors were tested with this squib lot during the

prototype program with no ignition anomalies noted.

et e
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3.8 MOTOR DEVELOPMENT TESTS
The testing described herein is basically presented in chrono-
logical order, beginning with the initial design evaluation tests and ending

with the Prototype Array Tests. It will be found that some test sequences

e PEE SN 2

were interrupted due to failures, and resumed after diagnostic tests and
corrective design changes were implemented, For example, thrust align-

ment tests were initiated in July 1972, (Section 3.3.1.2), suspended due to '
motor failures, and resumed in June 1973 (Section 3. 3.5, 2).

3.3.1 Initial Tests 0

35 316 Design Evaluation Tests

In June 1972, two static firings were conducted to evaluate
the SOS development igniter, the cellulose nitrate case liner, and a port to
throat ratio of 1.0. These tests utilized heavywall titanium motor cases
which conformed internally to flight weight dimensions. Both motors
operated successfully but the first motor exhibited a long ignition delay
of 0.0061 second. As discussed under section 3.2, the delay was attri-
buted to the high loading density of the igniter charge. In the second test,
the loading density of the main charge was reduced and the primer charge
of the squib was increased, The ignition delay of the second motor was
reduced to 0. 0011 second which met the specification limit of 0.0015
second maximum,

In July, a small quantity of overwrapped flight weight motor
cases were received, and two tests were conducted to evaluate the cases.
Each motor performed normally and produced acceptable ballistic data.
Pressure data were lost on the second firing due to an ignition spike that
unsettled the transducer. SOS development squibs were used in the test
motors and yielded acceptable ignition delays.

w3 L 2 Thrust Alignment Tests

Four motors were fired during July 1972 to perform a pre-

liminary evaluation of thrust alignment. Three of the motors with heavywall
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titanium alloy motor cases performed as expected, but the fourth with
flight weight cases failed shortly after ignition, Examination of the
ballistic trace showed the thrust rose sharply during ignition, experienced
a slight change at 600 pounds and continued to rise rapidly until case
failure. The forward (igniter side) case was left intact but the aft (plug
side) case ruptured severely. Failure analysis determined the primary
cause of the failure to be unbonded areas between the carbon phenolic
motor case insulator and the propellant grain. Other factors that were
suspected to have contributed to the failures included damage to the pro-
pellant from igniter blast and overstress of the propellant. The analysis
of the motor failure disclosed the fact that the cellulose nitrate liner,
introduced in the preceding five motors tested, was extremely moisture-
sensitive, Consequently, it was removed from the design.

All of the motors used interim flight weight igniters, and
heavywall nozzles machined to extremely close tolerances to minimize
geometric misalignment, The internal configuration of the first two
motors conformed to the flight weight configuration established in the VSD-
ARC design review held in late May 1972, Thrust misalignment measured
in the pitch axis for these two motors was approximately 0.1 degree
(pitch up) as compared to the 0.25 degree limit specified by VSD. It was
hypothesized that the pitch-up thrust misalignment obtained in the two
tests could be due to the unequal length of the propellant grains in the two
motor cases, The third motor tested had both grains the same length as
the igniter side grain; however, thrust misalignment was consistent with
the first two motors. The exit cone of the fourth motor nozzle was pur-
posely canted. If it could be shown that thrust misalignment of the short
nozzle cone was not affected by this slight cant, the nozzle cone tolerances
could be relaxed at significant cost savings. The failure of this motor
prevented any conclusions to be drawn.

All of the tests were conducted on the thrust stand described
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in the Test Plan (Appendix 3). The stand employed a multi-component l
load cell which measured side components of thrust as well as axial thrust.

3. 3. L.8 Adjacent Tube Interaction (ATI) Tests l

While ways to improve the propellant case bond were studied,
two additional tests were conducted in late August 1972 to study the effects
of adjacent motor tube (case) interaction. As shown in Figure 3-1, a
thirteen motor nozzle segment was assembled with seven live motors in
the center. All motors were bonded together with inter-tube spacers and
beryllium ring segments using EA 943 adhesive., Before static firing,
the unit was subjected tu low-level tensile testing to verify bond quality.
The end plug and igniter were detorqued from the centermust motor and
an adjacent motor so that tensile testing fixtures could be threaded into the
unit. During detorquing, the bond joint between two of the tubes was
damaged and was subsequently repaired.

As a precaution against possible grain unbond as suspected in
the fourth thrust misalignment motor, the nozzle ends of the grains of the
motors to be fired were inhibited with EA 943. The adhesive was applied
through the nozzle as the bonded ATI test segment could not be disassembled.
The assembly had been completed before the thrust alignment motor failure
and contained the moisture sensitive nitrocellulose liner.

The first unit fired was the centermost motor., The motor
operated successfully but the initial slope of the ballistic trace was slightly
higher due to the end inhibiting. The second motor, adjacent to the first,
failed at 10.4 milliseconds after ignition. Before failure the unit appeared
to be performing normally. At failure the thrust suddenly dropped to zero.

High speed movies of the tests showed substantial plume
impingement on the motor cases as the plume reflected off simulated
battery and telemetry packs attached to the mounting ring segments. The
failed hardware showed evidence of significant thread leakage and burn

through at the nozzle-motor case thread joints for the aft (plug side) tube.
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The forward (igniter side) tube was left intact. Examination of unfired
motor cases from the test assembly revealed cracked insulators.

The investigation of the second ATI test motor failure concluded
that the most probable cause of failure was cracking of the carbon phenolic
insulator, followed by eroding away of the steel nozzle land and titanium tube
end, leading to thread leakage and rupture of the tube. A postulated
secondary failure mode was insufficient margin of safety in the motor
tube.

3,3.2 Failure Diagnosis Tests

A joint VSD-ARC meeting was held in early September 1972,
to discuss changes in motor design and to develop a test plan for a series
of single motor tests that would permit diagnosis and elimination of the
deficiencies in the MMA motor design. Consequently, the following
des.gn changes were implemented: (1) increase tube titanium wall thick-
ness from 8.0 to 10,0 mils: (2) increase the nominal nozzle land thickness
from 14.5 to 29.5 mils; (3) change the carbon phenolic motor case insulator
to normalized 4130 steel; (4) increase tube overwrap thickness from 10,0
to 14.5 mils; and (5) utilize loctite sealant in tube-to-nozzle threads.

The test plan that was developed included tests to evaluate the
effects of: (1) igniter impingement on the propellant grain; (2) unbonded
areas at different locations in the propellant to motor case interface; (3)
softened ignition; (4) lengthening the nozzle cone to reduce plume impinge-
ment; and (5) grain voids.

3.3.2.1 Igniter Impingement Tests

In early October 1972 six test motors were fired at a simulated
altitude of 100,000 feet with the mylar nozzle closure removed. The intent
was to preclude motor ignition and examine grains for damage caused by
igniter discharge. The propellant grains in three of the motors had square
ends except for the 30° taper at the igniter end. Propellant grains in the

o
other three motors were tapered at a 30 angle on all ends.
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Five of the igniters discharged as planned; one igniter did not
function. One motor ignited and burned normally to completion. The
remaining motors were disassembled and examined, [t was noted that the
igniter tended to round off the grain corners. On the tapered grain ends,
the rounding was barely noticeable. On square ended grains, the rounding
was severe, The square end of the grain at the nozzle of the aft (plug side)
motor was rounded to a radius of about 0.040 inch., The square ends of
the grains at the nozzle of the forward (igniter side) motor and at the end
plug of the aft motor showed much less effect.

The five motors were then retrofitted with new igniters and
nozzle closures and static fired. Each motor operated without any catastro-
phic effect from the initial igniter blast, A seventh test motor, fired as
a control unit, also functioned normally. All motors utilized interim
flightweight igniters, heavywall titanium motor cases, thickened nozzle
lands, and steel insulators.

3. 85 2.2 Unbonded Grain Tests

Seven motors were tested to determine the effects of unbonded
areas between case and propellant at different locations within the motor.
Unbonds were induced at the igniter end taper of the grain on two units,
and at the forward (igniter side) motor case insulator on two units. Unbonds
were induced at the aft (plug side) motor case insulator on three units.
Failures occurred in all three units with unbonds at the aft side insulator,
and in one of the units with unbonds at the forward size insulator. In each
motor failure, the motor case burned through directly behind the aft
motor case insulator at times ranging from 8,5 to 10.5 msec into the burn,
The failure of the unit with an unbond at the forward insulator was attri-
buted to an undetected unbond at the aft insulator existing either before,
or as a function of, ignition.

All of the test motors utilized interim flightweight igniters,

heavywall titanium motor cases, thickened nozzle lands, and steel
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insulators. All grain ends were square except for the 30° taper at the
igniter end,

It was concluded that unbonds at the propellant-to-insulator
interface on the aft (plug side) tube were fatal, leading to failures very
similar to that for the ATI motor.

3:.8+2.3 Soft Ignition Tests

Four motors were tested to study the effects of softened
ignition on motor performance., The test motors employed heavywall
titanium motor cases, steel insulators, and square-ended grains except
at the igniter end. One motor was ignited with an Atlas Match and 50
milligrams of Black Powder. The motor fired and performed nominally
but exhibited an ignition delay of 0.0215 second. The second motor was
ignited with nickel-chromium hot wire that laid against the grain at the
igniter end. At approximately two seconds after ignition, the grain ignited
and the motor performed nominally. The last two tests utilized bridge-
wires containing 50 milligrams of Black Powder, and resulted in misfires.
No basic differences were noted in these ballistic traces versus normally
ignited motors. It was concluded that none of these methods could be used
for satisfactory ignition performance.

3,3.2.4 Plume Impingement Tests

In October 1972, two motors were tested at sea level ambient

pressure to evaluate the performance of nozzles having exit cones lengthened

by 0. 6 inch to prevent plume impingement on HIT external subsystems.
Both motors performed satisfactorily. Evaluation of the exhaust plume
expansion angle from high-speed movies indicated acceptable plume
behavior. Subsequently four additional tests of the lengthened nozzles
were conducted in conjunction with a shroud device that simulated the
battery and telemetry mountings of the HIT vehicle relative to the nozzle
exit plane. The test set-up consisted of an individual motor with a modi-

fied nozzle, a shroud simulating the exterior of the array, and simulated
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battery and telemetry packs (Figure 3-2), High speed camera coverage
and heat sensing equipment were used to record any plume impingement
on the HIT components,

The test results showed that the sea level plume impingement
problem was eliminated by the lengthened nozzle. The third test motor,
however, failed at 4.1 msec after ignition. Post-firing examination and
review of the high speed motion pictures showed that the motor case burned
through at the pressure-monitoring end plug. This failure mode occurred
again during subsequent tests; the cause and resolution is discussed in
Section 3.2.2.6. The three other test motors operated normally. The
shroud test motors contained propellant grains with tapers at all ends.

The test results also confirmed that specific impulse increased
about 20 sec, as predicted, due to increased nozzle expansion ratio and
decreased nozzle half angle.

3.3.2.5 Grain Void Tests

Four motors were tested with propellant grains having scattered
voids on the surface and ends to assess whether these imperfections
affected ballistic trace shapes. Two of the motors had tapered grains, one
had a tapered and a square grain, and one unit had no tapers except at
the igniter end. Two of the motors functioned normally, one resulted in
a failure and another misfired. The motor that failed had a 1/8 inch void
near the end of the igniter tube insulator and burned through at that location.
It was concluded that (a) voids produced no noticeable effect on trace shape,
but (b) the presence of voids near the motor case insulator end can lead to
case burnthroughs and istherefore unacceptable. The grain X-ray accept/
reject criteria was modified accordingly.

3. 3 2,6 Longer Insulator Tests

Based on the results of the failure diagnosis test series, the
following changes were incorporated into the MMA motor design: (1)

lengthen the insulator from 0.171 to 0.432 inch and roughened the insulator
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1D and OD to enhance bonding to the motor case and propellant grain, (2)
taper all ends of the propellant grains at a 30° angle, and (3) protect the
nozzle end of the aft (plug side) motor propellant grain with a conical
extension of the nozzle closure, At ignition, the flap would be pressed
against the nozzle end of the grain to protect it from the igniter blast,

In December 1972, five motors incorporating these design
changes were static fired, All five motors operated normally. Post-test
examination of the motor cases and insulators revealed no indication of
excessive erosion which previously had caused hot spots or case burn
through.

One other motor ‘was tested in this series to measure the
temperature versus time prof‘iale of the titanium motor case at the area
outside the insulator., The shorter (0.171 inch) insulators were used in
the motor cases. At approximately 9.5 milliseconds after ignition, the
motor failed at the pressure-monitoring plug-motor case joint. The
failure was similar to tl.e one experienced in the plume impingement tests

(see section 3,3.2.4), Further investigation of these two failures led to

an analysis of the titanium alloy pressure plug (used for test purposes only)

which showed that the plug face reached 1600° F during a firing. At that
temperature the loctite sealant fails, permitting direct exposure of the
case-end plug threads to combustion gases, Use of aluminum reduces the
temperature-time profile significantly, thus confirming the adequacy of
the standard aluminum end plug and the aluminum igniter plug used on the
other end of the motor.

338 2.7 Aluminum End Plug Tests

In January 1973, three motors were static fired to check for
thread burning damage with the aluminum end plug. As a further precau-
tion, a small amount of A-2 adhesive was added to the plug threads as a
gas barrier, Two of the units contained short motor case insulators and

one employed the longer insulators. All the grains were tapered. Each
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motor operated without incident,  Post-test examination of the sectioned
titanium motor cascs showed no evidence of thread leakage or degradation
at the plug end, It was decided to discontinue usce of titanium pressure
adapter plugs, and to extend the forward face of the flight weight aluminum
end plug slightly inboard of the threads to form a barrier for the A-2 thread
sealant,

3.3.3 IHeavywall Confirmatory Tests

The limited number of tests conducted to date was not satis-
tically sufficient to conclude that the marginal failure modes had been
climinated by the design changes developed from the failure diagnosis
tests, Thus, VSD directed ARC to conduct an additional 15 static firings
of the modified design. The test motors incorporated heavywall titanium
motor cases, 0.432 inch long steel insulators, tapered grains, conical
nozzle closures, long exit cone nozzles, and aluminum end plugs, The
motors were ignited with interim flightweight igniters. The nominal
nozzle throat diameter was increased from 0,305 to 0.3115 inch because
higher operating pressures had been experienced in the five preceding
tests. The threaded joints were s=aled with Loctite HV except at the end
plug where A-2 adhesive was used.

The first four tests were conducted in February 1973. Thrust-
time traces were obtained in all firings., Pressure was recorded in two
of the tests. Each of the motors operated normally and produced accep-
table ballistic performance., Action times were longer and pressures
were lower due to the enlarged throat diameter.

In March 1973, nine more motors of the same design configura-
tion were successfully static fired, Again, all motors operated normally,
The ballistic data were very reproducible and agreed with the previous
four motors with propellant from a different batch,

To complete the heavywall confirmation tests, an additional

two units were successfully tested in conjunction with the pressure
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oscillation tests conducted in May 1973 and discussed later in this report.

Nozzle throat diameter was adjusted downward to 0. 3085 inch for these and
subsequent tests. Ballistic data from the heavywall confirmatory tests are
presented in Table 3-V. Typical traces are shown in Section 1 of Appendix 2.

3.3.4 Pressure Oscillation Phenomena Tests

Beginning in October, 1972, a new phenomena was observed
to occur in individual motor tests. This phenomena involved a rapid
oscillation (approximately 7100 CPS) superimposed upon the normal motor
pressure-time trace. Examples of this phenomena may be seen in the

following pressure-time traces from Appendix 2,

Section of

Test Series Appendix 2 Firing Numbers
Heavywall Confirmatory 1 39063, 39064, 39314
Flightweight 2 39574
Pressure Oscillation 4 39787, 39902

The phenomena did not occur in all firings, nor was the duration
or amplitude constant across all firings. In many firings the amplitude
appeared to increase toward the center on the trace and subside later in
the firing. The anomaly was observed only on the pressure trace and not
on the thrust trace,

Although some concern existed relative to this oscillation, no
extensive analysis of the event was undertaken at that time since no adverse
motor effect had been noted and it was believed that the oscillation was not
the destructive unstable burning pi:er.omena but rather an "organ pipe' mode
harmonic.

In the spring of 1973, discussions relative to this phenomena
were conducted with ABMDA propulsion consultants, Although the consul-
tants supported the harmless ''organ pipe'' theory, it was decided to conduct
a series of firings to (a) measure the case strain response relative to the

pressure oscillation, and (b' examine the data obtained utilizing a more
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sensitive pressure gage. Both investigations were aimed at determining

whether the oscillation was real and was imparting some effect to the motor 1
case, or whether the oscillation might be a pressure transducer response {
phenomena,.

In May 1973, four heavywall titanium motors were ballistically
tested to investigate this phenomena, The final two heavywall confirmatory
units were instrumentad with a strain gage pressure transducer of the type
previously used. The other two units were fitted with high frequency
piezo-electric pressure transducers capable of accurately responding to
signals as high as 100,000 CPS. All four units were instrumented with
strain gages, two axially oriented and two hoop oriented. The strain gages
were placed at the tube center on each side of the nozzle., Based on the
results of these test firings, the following observations were made:

(a) Both the strain gage transducer and the piezo-electric
transducer yielded some indication of the oscillatory
behavior although the piezo-electric response was
assumed to be more accurate,.

(b) Some oscillatory response was noted in the strain gages
with the most severe response noted in the longitudinal
direction. The longitudinal oscillation frequency and
amplitude could not be correlated with the frequency of
the pressure oscillation.

As part of the initial investigation of pressure oscillations,

an attempt was made to determine the frequency of occurrance and the
maximum amplitude of the pressure oscillation, Slow-speed data tape
playbacks indicated that the pressure oscillations indeed had major
excursions from the nominal, a situation masked when the trace was
played at normal speed. Additionally, it was observed that:

(a) High frequency oscillations were present to some extent

in all firing series,
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(b) Amplitude increases began, as noted previously, with the
firings of October 1973, The only geometric change that
coincided with onset of high~-amplitude oscillations involved
the thickening of the nozzle throat land, a move made to
prevent thread erosion,

In order to more fully explore these observations, a second
series of tests were conducted. In one subseries, the nozzle throat was
chamfered to simulate the thin land situation. In another subseries, a
previously-fired nozzle was used to again simulate the thin land. In both
cases the thesis was advanced that the sharp nozzle entrance corner coupled
with the thickened land was causing the organ pipe mode oscillation. How-
ever, neither series conclusively demonstrated this to be the case,

Relative to amplitude, a third series of tests were conducted
and the data analyzed using a "transient analyzer'', a digital oscilloscope
capable of displaying in great detail the highs and lows of the oscillations.
The results of these investigations and the subsequent investigations of
previous tests, using the transient analyzer, indicates the amplitude to be
no greater than t 30% of the mean in the worst case.

Based on the analytical and empirical investigations, it was
concluded that the severity of the amplitude was not sufficient to warrant
further work to either (1) eliminate the occurrence, or (2) further strengthen
the motor to provide additional compensation for the phenomena., VSD
structural/dynamic analyses, accounting for known case mechanical pro-
perties and burst test results, verified the structural adequacy of the indivi-
dual motors and the array under these pressure oscillation conditions.

Ballistic data from the pressure oscillation test motors is
summarized in Table 3-VI, and typical traces are shown in Section 4 of
Appendix 2.

3.3.5 Design Verification Tests

With the confidence gained from the heavywall confirmatory tests,
VSD released ARC to begin a series of design verification tests which included

seven flightweight motor vibration and spin tests, ten thrust alignment tests and
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the firing of a complete prototype array. These tests spanned the period
from May through November 1973,
3. 8.:5..1 Flightweight Motor Tests

The seven flightweight motors were testea in May 1973, The
motors utilized titanium alloy motor cases with a nominal wall thickness
of 10.0 mils and overwrapped with carbon filament. The units employed
the final-design flightweight igniters with a main charge of 92 milligrams of
""bullseye'' smokeless powder. As in previous tests, the motors contained
tapered propellant grains, long insulators, and conical nozzle closures.

Prior to firing, six of the units were subjected to shock and
vibration testing by General Environment Corporation under contract to

ARC. The shock and vibration schedule shown below was utilized.

Frequency (Hz) Amplitude, g's (rms)
10 - 400 1.4
400 - 600 11.0
600 - 2000 3.0

Two sweeps were made from 10 to 2000 to 10 Hz at 1/2 octave per minute.
Each of the six units were then subjected to 28 shocks applied
in each of the two transverse axes for a total of 56 shocks. The shock
pulse was a half-sine, with 70 g's magnitude and four milliseconds duration.
There was no apparent damage as a result of the tests except that fine
delaminations occurred between adjacent filaments in the wrap of the motor
cases after the vibration test.
After the environmental tests, three of the motors were fired
under static conditions and three under a simulated spin rate of 25 RPS.
An additional unit which had been included as a spare was also static fired.
The ballistic data from the tests are represented in Table 3-VII and traces
are showrn in Section 2 of Appendix 2. All of the motors performed normally,

and there was no significant difference in ballistic performance between the

motors fired under static or spin conditions or as a result of the environmental

testing.
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36 345.2 Thrust Alignment Tests

In June 1973, ten additional flightweight test motors were
static fired to measure any pitch and roll moments generated due to thrust

misalignment. The motors employed geometrically precise nozzles that

e

duplicated outer and inner segments of the MMA nozzle ring. A three-
component load cell was used as in the initial development tests discussed
in Section 3.3.1,2, The load cell was instrumented to measure axial
thrust and two orthogonal moment components, The nozzle body was
positioned on the test apparatus so that the nozzle throat was fixed at a
location of 3, 62 inches above the null plane of the transducer. In this
position, a vector misalignment of a quarter of a degree would produce
an average moment of 8,36 in-lbs.,

All ten test motors operated normally. The data from the

tests yielded the following values for misalignment:

Direction Average, deg. lo, deg.
Roll + 0.009 0.044
Pitch - 0.003 0.040

The VSD specification allowed a misalignment of 0. 25° at
30, inclusive of array nozzle ring geometry errors, It was calculated
that in the nozzle ring configuration, geometric tolerances contribute no
more than 0. 125° (30 ) of possible misalignment. Thus, the root-sum-
square of geometric and ballistic misalignment sources produced three
sigma wvalues of 0. 183o (pitch) and 0. 174o (roll), which falls within the
three sigma maximum allowable value of 0, 25°,

The data did not show any significant difference in performance
between long and short (inner and outer row) exit cone nozzles. Ballistic
data from the thrust alignment tests are presented in Table 3-VIII and typical
traces are shown in Section 3 of Appendix 2., A detailed discussion of the tests

can be found in Atlantic Research Report TR-PL.-10135.
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3.3.5.3 Array Batch Check Tests

Fourteen batch check motors cast from propellant Batch
2285H (Prototype Array batch) were fired for ballistic evaluation. The
motors employed flightweight components except that heavywall test nozzles
were utilized. The ballistic results from the batch tests are presented in Table
3-1X, and typical traces are shown in Section 5 of Appendix 2. The data from
these tests compare well with the data obtained from the array static tests.
Only eleven of the motors were tested. The remaining three motors were
placed in controlled storage to evaluate aging effects. Four of the batch
check motors tested utilized propellant that had been frozen for about 2
weeks prior to casting and cure. This was done to demonstrate feasibility
of replacing a defective grain in a given motor tube with propellant from
the same batch., Ballistic data were normal,

34895, 4 Prototype Array Tests

The development of the Maneuver Motor Array was concluded
with the successful static firing of all 56 motors from a single array in
November 1973, The testing of the array was divided into three parts.
First, 12 motors were fired with the array suspended from a pendulum,
These motors were fired in six groups of two. Within a group, motors
were fired at 0.25 second apart and in opposing directions. To duplicate
the structural loading during flight, representative structural model
HIT subsystems were installed onto the MMA for the Pendulum tests,.
Next, 24 motors were fired,with the array mounted on a spin stand,at a
spin rate of 25 rps. The motors were fired in groups of 12, 4, 4, and 4.
Within a group, motors were fired at 0.25 second intervals. Product of
inertia measurements were obtained on the array after each group of
motors was fired. To conclude the tests, the last 20 motors were fired
statically with the array mounted on a thrust stand. The tests were
conducted in accordance with Atlantic Research Test Plans TS-0183,

TS-0184, and TS-0185 (Appendices 4, 5, and 6, respectively). The
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Prototype Maneuver Motor Firing Circuit was installed onto the MMA and
utilized for all 56 motor firings.

VSD personnel installed the MMFC and all structural model
components onto the Prototype MMA prior to the pendulum test. VSD
personnel also attached accelerometers to the MMA and structural model
sensor to monitor shock and vibration levels, These operations are illus-
trated in Figure 3-3,

The pendulum test apparatus (Figure 3-4) consisted of a thin
hollow tube suspended from a ball bearing support which allowed the tube
to swing in only one vertical plane in response to a motor fired horizontally
(#1 in Figure 3-4). An opposing motor (#2) is fired after approximately
45° of pendulum motion to limit excursions. A bracket on the lower end of
the tube permitted the MMA to be attached at the outside diameter of the
nozzle ring (Figure 3-5). The tube was sized to prevent the MMA from
rotating significantly between firings and yet not be so stiff that it would
weigh down or damp out the response of the MMA. In the first four 2-motor
pendulum tests, the movement of the MMA was tracked by a FASTRAC
system supplied and operated by VSD. These tests were conducted in dark-
ness with the tracking equipment set up 60 feet from the test unit and
focused on the structural model sensor located inside the MMA cylinder.
Tests 1, 5 and 6 were recorded with high speed cameras. Accelerometers
attached to the MMA and structural model sensor during the pendulum tests
monitored self-induced shock both in the thrust axis and in a perpendicular
direction to it. The accelerometer data indicated that the overall struc-
tural response of the vehicle was as expected. No transient response
outside precdicted bounds was seen. The motors were fired in the follow-
ing sequence.

Test No. Motor Numbers

6 - 34
20 - 48
8 - 36
22 - 50
7 -35
21 - 49
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MODEL SUBSYSTEMS

FIGURE 3-4 Pendulum Test Fixture
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Following these tests the structural model components were

removed from the MMA and a post-test inspection of the MMA bond joints
| was performed under a microscope. No damage was detected.
f The spin tests were conducted with the array mounted on a
spinning thrust stand (Figure 3-6). The stand consisted of a two-inch
diameter shaft supported at two points by a pair of high precision bearings.
The shaft was coupled to a 1/2 hp motor on one end and held a 22-channel
slip ring assembly on the other. A speed control on the drive system
allowed fine adjustment of spin rate. The array was held on the shaft by
three removable clamps which interfaced with the inside diameter of the
nozzle ring. During the tests, spin rate and firing times were recorded

and two high speed cameras were used. The motors were fired in four

S L

groups; motors within each group were fired at 0.25 second intervals in

the sequence shown below.

Motor Numbers

Group 1 Group 2 Group 3 Group 4
15 02 11 10
29 30 . 39 38

¢ 01 16 25 24

43 44 53 52

09

41

37

23

31

17 .

45

03

MMA product of inertia was measured after each of the four

MR

2o

test sequences, and post-test inspections were performed under a microscope.

No damage was detected.
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6 Spin Test Set-Up

FIGURE 3-



The static tests were conducted with the array clamped in a '
mounting bracket that attached directly to the load cell (Figure 3-7), The
mounting bracket used the exit cone of the motor 180° away from the
one to be fired to align the array. A clamp on both sides of the bracket
utili;ed the '"lightening cutouts'' in the nozzle ring to hold the array against
the bracket. An internally mounted clamp inside the bore of the array
stiffened the nozzle ring and improved the frequency response of the thrust
measurements. In the first test three adjacent motors were to be fired at
0.25 second intervals, Thus, two ol the motors would be fired at an angle
6.4° away from the thrust axis of the load cell. This did not prevent the
load cell from accurately measuring the vertical component of thrust. In
firing the first three units, however, two motors (12 and 14) fired at the
same time due to a malfunction of the ARC firing control unit. Conse-
quently, the test was repeated with adjacent motors 40, 41, and 42.
Motors 40 and 42 were fired 0. 25 second apart, and Motor 40 was fired
one minute later. During the tests, the array was instrumented with
thermocouples at 24 different locations, to recqrd temperature versus
time,

The 15 remaining motors were statically fired one at a time
in the sequence shown below.

Firing Order Motor Number

1 47

46
55
54
56
5
4
13

0 ~N O W, b W

62



63

- 7 h"‘[}ﬂ.l‘:'i Slillit Tt Sd‘t.-Up

GURE

Fl



Firing Order Motor Number

9 18

10 19
11 27
12 26
13 28
14 32
15 33

The array was again visually examined under a microscope
after completion of the static tests, No indication of bond damage or other
structural degradation was seen.

Ballistic data from the static array firings are presented in Table
3-X, and typical traces are shown in Section 6 of Appendix 2. All ballistic data
met the performance requirements of Specification 3-371-04-0O-10185D. A
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