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ABSTRACT

The objective of this program was to evaluate selected
low-cost ablative materials at a scale and under conditions
relevant to large solid-rocket motor nozzle design. In addi-
tion, acquisition of processing and performance data on a
trowelable chamber insulation system was required.

Two 13-in.-dia (33 ecm) nozzles were tested in the firing
of Algol-sized motors. The first firing resulted in a chamber
burnthrough early in the test because of an undetected flaw in
the bond joint between the igniter cavity restriction and the
forward boot. Valid performance data on the low-cost ablative
nozzle materials were obtained from the second test. These
data were used in the design of a full-scale nozzle, suitable
for use on a 260~FL motor.

Thermal and stress analyses were conducted on the full-
scale nozzle design, which incorporates a flexible seal for
TVC purposes and a 9:1 contoured exit cone. Fabrication spec—
ifications and a detailed cost estimate were also prepared for
this design. Extensive use of canvas-duck phenolic and the
less expensive carbon tapes results in an ablative material
cost savings of about 357 compared with a similar design
utilizing conventional carbon and silica phenolic composites.
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I, SUMMARY

The Low-Cost Ablative—Nozzle Development Program, conducted under Contract
NAS3-12038, was initiated for the purpose of acquiring performance data on promising
low-cost materials under conditions applicable to large solid rocket motors. To
accomplish this objective, two intermediate size (Algol) motors, containing approxi-
mately 20,500 1b (9300 Kg) of a PBAN type propellant, were processed and test-fired.
Each motor contained an IBT-100/106 insulation system troweled onto the internal

chamber surfaces.

Selection of the ablative materials to be incorporated into each of the two
test nozzles was made from a listing of several candidate materials included in the
contract work statement. Utilization of conventional tape-wrapping and autoclave

cure fabrication procedures were program requirements,
The program effort was organized in three tasks, as discussed below:
A. TASK I - NOZZLE AND TEST MOTOR DESIGN, ANALYSIS, AND FABRICATION

The first nozzle had a silica (SP-8030-96) and carbon-silica (MXSC~195}
entrance insert, a carbon-silica throat, and an exit cone having a forward flame
liner of carbon silica and an aft ablator of canvas-duck phenolic (4KXDOZ), Asbestos

phenolic (MXA-6012) was used in the overwrap on each ablative insert.

The second test nozzle was an ''all-white" design, having a silica-
phenolic (MX~2600-~96) throat, entrance, and forward exit cone liner and a canvas-
duck phenolic (4KSD02) aft exit cone liner, Canvas—duck was also used for the
parallel-to-surface overwrap on all components. After the first motor test, the
completed throat and entrance sections of the second nozzle were removed and re-
placed with inserts having the same materials as the first nozzle, except that
MX-2600-96 silica was used in the entrance section instead of SP-8030-96 and the

overwrap was of canvas-duck phenolic rather than asbestos phenolic.

Comprehensive thermal and stress analyses were performed on each nozzle
design, using established computer routines, to determine the adequacy of the

selected configuration and materials under the test firing conditions.



I.A. Task I - Nozzle and Test Motor Design, Analysis, and Fabrication (cont)

Although some minor problems were encountered during the wrapping of
the carbon-silica throat section for the first nozzle, the processing qualities
of the low-cost materials were generally satisfactory. In fact, the heavyweight
silica and the canvas-duck materials had excellent fabrication characteristics.
The asbestos overwrap of the exit cone for the first nozzle delaminated during the
high temperature cure of the glass structural wrap. It was subsequently removed

and veplaced with an ambient curing epoxy-glass hand lay-up.

Application of the trowelable insulation system was accomplished using

ey

the technique described in Report NASA CR-72584: "7 . Ultrasonic and radiographic
inspection of the insulated cases revealed numerous small voids that were repaired

prior to propellant loading.

Each insulated Algol chamber was loaded with ANB-3347 propellant using
standard production Algol tooling and procedures. ANB-3347 propellant has a com-
bustion temperature and exhaust gas composition similar to those of the ANB-3301
and -3354 propellants used in the 260-in.-dia (6.6 m) short length (260-SL) motors.
The test motors were designed to operate at an average pressure of about 500 psia

{345 N/cmz) over a web duration of 40 sec.

Radiographic inspection of each loaded motor was accomplished and no

discrepancies were detected.

Subsequent to the first motor failure (see Section I.B, below), the
second motor was reworked to ensure a full-duration firing. Modifications included

potting behind each boot and enlarging of the forward-grain igniter cavity.

An evaluation and characterization study was conducted by the Battelle
Memorial Institute to further define the thermal and mechanical properties of the
low-cost ablative materials. Thermal conductivity, specific heat, and thermal
expansion measurements were obtained of the carbon-silica and canvas-—duck materials
in both the virgin and charred condition. Tensile, compressive, and shear strength
data were also obtained for these materials and for the heavyweight silica phenolic.
The very fragile nature of the charved carbon silica precluded acquisition of valid

tensile and shear data on this material. All other results were satisfactory and

comparable to data from other investigators.

[}



I. Summary (cont)
B. TASK II - NOZZLE AND TROWELABLE INSULATION SYSTEM EVALUATION

The first motor firing resulted in a chamber burnthrough at 5.635 sec
after fireswitch. This malfunction was caused by abnormal propellant ignition in
the forward-boot/igniter-sleeve area. A localized pressure differential was cre-
ated across the forward propellant web, which, in turn, initiated a massive failure
of the insulation or primer bond to the case wall. No nozzle performance data were

obtaihed.

Valid performance data on the low-cost nozzle ablatives were obtained
from the second nozzle-evaluation motor firing. Motor operation was normal for
26.8 sec at which time a burnthrough occurred in the nozzle entrance section.
Poor physical properties of the carbon-silica char, combined with the severe
exhaust impingement and flow pattern in line with the grain valleys, caused the
burnthrough. Performance of both the silica-phenolic and canvas-duck phenolic
ablative liners in the exit cone was better than expected. The trowelable insu-
lation system satisfactorily protected the case during the motor action time,
demonstrating the potential of this type insulator for large motor application.
Hot spots were formed on the case during the latter portion of the tail-off period
and during the extended heat soak in areas where undetected thin spots and voids

existed in the insulation.
C. TASK III -~ FULL SCALE NOZZLE DESIGN, ANALYSIS, AND FABRICATION PLANNING

A nozzle was designed that incorporated low-cost ablative materials
suitable for use on a 260-in.~-dia (6.6 m) full length (260-FL) motor. Heat-
transfer and stress analyses were conducted that verified the adequacy of the
design for the expected motor bperating conditions., Fabrication plans and pro-
cedures were prepared for the manufacture of 30 nozzles over a 5-year period.
Conventional tape wrapping and cure processes were specified, except in the aft
exit cone where a tension overwrap technique replaces the autoclave method for
achieving the desired final composite density. Tooling and facility requirements

were identified and costs were calculated.

A detailed cost estimate for production of the nozzle was accomplished

'

and on the basis of the 30-nozzle fabrication schedule, a unit cost of $899,334 was



1.C. Task IIT - Full Scale Nozzle Design, Analysis, and Fabrication Planning {(cont)

developed. The ablative materials represent about 25% of this cost. The exten-—
sive use of the low-cost canvas-duck and lower-price carbon materials results in
an ablative cost reduction of 357 in comparison with the more conventional mate-
rials used to date in nozzles of similar design. The overall nozzle cost savings

would be about 97.

Trade studies were conducted which defined the loss in payload cap-
ability of a 260/SIVB vehicle when high throat erosion rates (to 0.025 in./sec
[0.063 cm/sec]) of the solid motor nozzle were encountered. The weight and cost
of the additional propellant and motor inerts required to regain the mission cap-
ability of the base-line motor with a nozzle having a carbon throat, which erodes
at 0,006 in./sec (0,015 cm/sec), were determined and compared to the cost-savings
achieved through use of the low-cost ablative materials. It was conclusively
shown that the most economical approach retains carbon, or an equivalent performing
material, in the throat area but incorporates the lower cost ablatives in other

sections of the nozzle.

iT. INTRODUCTION

This report presents the results of the Low-Cost Ablative-Nozzle Development
Program. The work was conducted by the Aerojet Solid Propulsion Company (ASPC) for
the National Aeronautics and Space Administration, Lewis Research Center, under
Contract NAS3-12038, The program was initiated in June 1969 to obtain performance
data on low-cost ablative materials which could be used on large rocket motor
nozzles in place of the more expensive conventional materials used previously.

The quantities of these materials required are such that the cost of the ablative
components represents a significant element of the motor unit cost.

Recent programs (2)(3) have identified ablative materials and fabrication
techniques that may reduce the costs of ablative components significantly without
introducing excessive performance penalties., Laboratory evaluations and small
nozzle tests have been conducted to characterize the most promising low-cost mate~
rials. This program accomplished the next logical step in materials development by
testing the most promising materials at firing conditions and on a scale relevant

to the 260-FL class motors.

o



II. Introduction (cont)

The data obtained from the static firing of the subscale test motors and
from the cost/performance trade studies were used in the design of a low-cost
nozzle for a 260-FL motor. Design verification analyses, fabrication plans, and
a detailed cost estimate for this nozzle were completed. The full-scale nozzle
design described in this report makes maximum use of the most promising low-cost
ablative material (canvas-duck phenolic) which was evaluated in the subscale tests.
A material cost reduction of about 9.0% may be achieved over a similar design
which uses carbon-phenolic and silica-phenolic composites exclusively in the

ablative liners.
Supplement Agreement No. 1, dated 28 July 1969, to the basic contract pro-
vided for a demonstration of the processing feasibility and performance of a

trowelable internal insulation system in the two nozzle test motors,

ITI. TECHNICAL DISCUSSION

A. PROGRAM OBJECTIVES

The overall objective of this program was the development of low-cost
ablative nozzles for the large, solid-propellant rocket motors. To accomplish

this objective, the following basic program requirements were established:

1. Evaluate the performance of the most promising low-cost abla-
tive materials at a scale and under firing conditions relevant to large solid

motors.

2. Characterize the thermal and physical properties of these

materials.

3. Using the data from the above two tasks, design and analyze

a low-cost, full-scale nozzle.

4. Prepare manufacturing plans, specifications, and a cost esti-

mate for the full-scale nozzle.

L



II1.A. Program Objectives (cont)

A secondary objective concerned evaluation of the processing and
performance characteristics of a trowelable insulation system in the motor
chamber.

B. TASK I -~ NOZZLE AND TEST-MOTOR DESIGN, ANALYSIS, AND FABRICATION

1. Motor Design and Description

The nozzle test motor consisted of an Algol II chamber, a
trowelable insulation system, a propellant type igniter, a PBAN propellant grain
cast with a modified Algol II core, and the nozzle to be evaluated. The PBAN
propellant is similar to the ANB~3105 and -3254 propellants used in the 260-SL
motors that have been tested. The two test-nozzle configurations are described
in Section II1.B.2. The motor assembly is shown in Figure 1; the major components

are discussed in the following paragraphs.
a. Chamber

The Algol IIB motor chamber, PN 360344-9, is fabricated of
rolled~and~welded AISI 4130 steel, heat-treated to 180,000 to 200,000 psi (124000
to 136000 N/cmz) ultimate tensile strength in the sidewall section. The chamber
is 318.4 in. (8.08 m) long, the outside diameter is 40 in. (1.02 m), and the nomi-
nal wall thickness in the cylindrical section is 0.112 in. (0.284 cm). The
igniter is fastened to the forward-dome igniter boss by a snap ring, and the
nozzle is secured to the aft-c¢losure nozzle boss by a bolted joint. Both joints
are sealed by O-rings. Identical forward- and aft-skirt rings are provided for

1ifting and handling.

The chamber was hydrostatically tested to 725 to 750 psig
{500 to 517 N/cmz) and has a burst strength capability in excess of 800 psig

(551 N}cmz),



III.B. Task I - Nozzle and Test-Motor Design, Analysis, and Fabrication (cont)

b. Trowelable Insulation System

(1) Introduction

Work completed under Contract NAS3-11224, '"Development
(1)

-

of Cost-Optimized Insulation System for Use in Large Solid Rocket Motors, led
to the selection of trowelable insulation as a cost-effective system for 260-in.-
dia (6.6 m) motor applications. A logical follow-on to the foregoing program was
to demonstrate the installation process and performance of the selected trowelable
insulation system in an intermediate size motor. The opportunity to accomplish
this follow-on effort presented itself in processing of the two Algol ablative-

nozzle test motors required for the subject contract.

The insulation system for the Algol nozzle-test motors
(as contracted) was of standard Gen-Gard V-44, as used in the Algol IIB production
mptors. ASPC proposed and was granted a contract change to insulate the two Algol

test motors with the selected insulation system derived under Contract NAS3-11224.
(2) Design
The insulation system design for the Algol test motor

is shown in Figure 2. The significant motor performance parameters affecting

insulation design were as follows:

Web Average Pressure, psia (N/cmz) 502 (346)

Web Duration, sec 40,1

Total Duration, sec 63

Propellant ANB-3347
Type PBAN
Aluminum Content, % 15
Combustion Temperature, °F (°K) 5463 (3290)

The aluminum content and combustion temperature of the selected propellant,
ANB-3347, are very similar to those of the 260-SL propellants, ANB-3105 and

ANB-3254. Therefore, no design correction factor was necessary to account for



III.B. Task I - Nozzle and Test-Motor Design, Analysis, and Fabrication (cont)

propeliant flame composition and temperature differences. An adjustment in
insulation performance was necessary to account for the lower web average pres-
sure. Thickness loss rate data for the proposed materials were obtained from
260~SL and Contract NAS3-11224 motor tests, where the average operating pressure
was approximately 600 psia (413 N/cmz). The correction factor applied was as

follows:

P motor) 0
(c
600

A design thickness calculation summary is shown in Table 1:; a conservative

safety factor of 2.0 was used.

The forward-dome insulation of IBT-106 tapered from
a thickness of 0.40 in. (1.06 cm) at the igniter boss to 0,20 in. (0.53 cm) at
the chamber tangent plane. The chamber sidewall insulation from the forward
tangent to 14.0 in. (35.6 cm) forward of the aft joint was 0,20-in.-thick (0.53 cm)
trowelable IBT-106. Insulation in the aft dome and nozzle forward shell varied
in contoured thickness and because of the high gas velocities expected in these
areas, trowelable IBT-100 was specified.* The critical insulation thickness was
1.30 in. (3.30 cm) at the 26-in.-dia (63.5 cm) location of the aft step-joint.
All other areas in the aft dome and nozzle had excess material to maintain a
smooth contour. The propellant boots were 0.25-in.~thick (0.635 cm) trowelable
IBT-106, with a 10-in.-long (25.4 cm) bond line to the sidewall insulation. A

calculated insulation weight summary is shown in Table 2.
c. Propellant Selection and Tailoring
The propellant selected for loading of the two Algol cases

was ANB-3347. 7This propellant is basically a low-burning-rate version of the

ANB-3254 propellant used in Motor 260~SL-3. It contains 84 wt% total solids

IBT~100 is a trowelable, cure-in-place insulation based on an epoxy-cured PBAN
binder filled with asbestos fibers, antimony oxide, and carbon black., IBT-106
is essentially the same except for shorter asbestos fiber length which makes
it easier to process and apply but less resistant to erosive conditions.



III.B. Task I -~ Nozzle and Test-Motor Design, Analysis, and Fabrication (cont)

(AP/Al, 69/15) and utilizes a PBAN bindér, cured with DER-332 and plasticized

15% with DOA, There are no burning rate additives. Available data had indicated
that the target liquid strand burning rate of approximately 0,21 in./sec (0,533
cm/sec) at 500 psia (345 N/cmz) could be achieved with an oxidizer blend composed

of +48/Ung/MA in a 50/30/20 ratio.

To determine the curing agent concentration required to
provide a propellant with the desired initial modulus of 450 to 500 psia (310 to
345 N/cmz), a series of laboratory scale, 10-1b size (4.54 Kgm), batches were

prepared with five levels of DER-332 epoxide ranging from 90 to 110 equivalents.

On the basis of mechanical properties data from these batches (Table 3 and Figure 3),

a curing agent level of 110 equivalents was selected.

Since the inner bore hoop strain in the Algol motors could
be reduced by curing the propellant at 110°F (317°K) instead of the usual 135°F
(331°K) (for PBAN propellants), samples of each of these batches were cured at
both of these temperatures. The data (Table 3) indicate that the propellant
initial modulus and tensile strength reached approximately the same level at either
cure temperature, but the propellant strain capability was significantly less when
when cured at 100°F (311°K) rather than at 135°F (331°K). All batches appeared to
be fully cured after 10 to 11 days at 135°F (331°K), and there was no significant
change in properties after an additional 7 days cure. Based on this data, a cure

cycle of 10 to 11 days at 135°F (331°K) was selected for the Algol motor.

4 The binder ingredient that exerts the greatest effect on
propellant mechanical properties is the PBAN terpolymer. Since there was not
sufficient PBAN available from a single lot of material to make all of the pro-
pellant required for this program, it was necessary to utilize a blend of two
lots (691 and 725A). All the small-scale development batches described above
utilized a blend of these two lots in the proper ratio. To determine the effects
of possible incorrect blending on propellant properties, a 10-1b (4.54 Kgm) batch
of ANB-3347 propellant was prepared with each lot of PBAN by itself (691 and 7254).
The data (Table 4) indicate that these two particular lots produce virtually iden-
tical propellant and errors in blending would not be expected to have any signifi-

cant effect on propellant properties.



III.B. Task I - Nozzle and Test-Motor Design, Analysis, and Fabrication (cont)

Although the 50/30/20, +48/Ung/MA oxidizer blend ratio pro-
vided approximately the desired propellant burning rate, final selection of the
blend ratio to be used in the two Algol motors was made on the basis of solid
strand and 3KS~500 size motor burning rates of the propellant made in the first
production size (scale-up) batch. To provide a sound basis for selection of
this oxidizer blend ratio, a series 10-1b (4.54 Kgm) propellant batches was pre-
pared with blends ranging from 80/20, +48/MA to 80/20, Ung/MA to establish a
correlation between strand burning rate and oxidizer blend. The results of this
work are shown graphically in Figure 4. At 500 psia (345 N/sz) the solid strand
burning rate range is 0.195 to 0.240 in./sec (0.495 to 0.610 cm/sec). These
batches were also tested for mechanical properties, and the data (Table 5) indi-

cate no significant effect due to variation of the oxidizer blend.

The significant propellant characteristics are summarized

in Table 6.
d. Grain Design

A cast-in—case, internal-burning grain design with forward
and aft release boots was selected to provide the required ballistic performance
in conjunction with the ANB~3347 propellant. The standard Algol IIB grain con-
figuration consists of a Maltese cross perforation extending to within 9.0 in.
(22.9 c¢m) of the forward end of the grain. The cross configuration is tapered
so that the flow area increases toward the aft end, allowing for maximum propel-
lant loading while minimizing erosive burning, The grain design is defined in

Lerciet Drawing 1147611 (Figure 5).

The grain design is identical to that of the Algol TIR
except for the incorporation of fillets between each of the four cross tips in
the aft 75 in. (190 cm) of the bore. Each flat fillet has a maximum depth of
1.0 in. (2.54 cm) at the aft end and tapers linearly to zero depth 75 in. (190
cm) forward. The extra cross-—sectional flow area provided by the additional

tapering of the bore results in an aft end port-to-throat area ratio of 1.34,

10
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Like the Algol IIB, the grain is case-bonded with the
exception of forward and aft end boots., Since the stress and strain levels are
essentially the same as these experienced in the Algol IIB motor, the allowable
mechanical properties of ANB-3347 propellant were compared with those of the
Algol propellant. This comparison verified that the margins of safety for the
low-cost ablative nozzle (LCAN) motor were all positive. A summary of maximum
stresses and strain-vs-propellant allowable mechanical properties is presented

in Table 7.

e. Igniter
The ignition system consists of a modified Algol IIB pro-
pellant igniter (PN 1128253-49) with two initiators. The system was selected
because of its availability, prior qualification, and demonstrated ability to
ignite the motor with Algol IIB propellant. The pyrotechnics consist of a pri-
mary charge of 100 gm of BPN pellets and a main charge of about 5.5 1b (2,5 Kgm)
of ANP-2758 Mod I propellant.

Two propellant-loaded igniter chambers, residual to a pre-
vious Algol IIB program, were modified from the standard configuration for use in
this program. About 40% of the igniter propellant charge was removed by machining
away 2/3 of each of the 18 grain rays. This was done to reduce the mass~flow
added to the motor at ignition where the predicted pressure peak was approaching
the case proof pressure. Analysis verified that the remaining propellant charge
would provide adequate energy for positive motor ignition. A 0.25-in.-thick
(0.64 cm) coating of IBT-106 insulation was applied to the outer surface of both

igniter chambers for protection during the firing.
£, Ballistic Performance

The Algol nozzle test motors were designed to subject the
low-cost ablative nozzles being evaluated to motor firing conditions representa-
tive of large solid rocket boosters. Exhibit A to the contract work statement
stipulated the principal operating parameters that provided the design criteria
of the motor (Table 8). An average chamber pressure of 600 + 100 psia (414 +

69 N/cmz) over a web time of 40 sec (min) was required.
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Using the actual solid strand burning rate of the propel-
lant cast into Motor LCAN-01, and the expected throat erosion rate of 11.7 mils/
sec (28.7 cm/sec), a ballistic performance prediction was accomplished. The
Algol 17B Simulation Program that was used takes into account the expected ero-
sive burning effects on motor performance. The results of this analysis indi-
cated that a web action time of 38.6 sec at an average pressure of 532 psia
(365 N/cmz) could be expected. The combination of a slightly higher than de-
sired propellant burning rate and the initial high pressure due to erosive
burning contributed to the web-duration being less than the target value. How-
ever, the predicted chamber pressure was 500 psia (345 N/cmz) or greater for
39,6 sec, which is very close to the required 40 sec. Average chamber pressure
for the duration of the motor analysis (41 sec) was 530 psia (365 N/cmz) with a
corresponding average thrust of 4.38 x 106 1bf (19.5 x lO6 N). The predicted
pressure and thrust curves, which are applicable to both motors, are shown in

Figure 6,

2, Nozzle Design

a. Requirements

Exhibit A to the contract work statement established the
basic ground rules of the low-cost ablative nozzle design consistent with the
objective of acquiring performance data on low cost ablative materials suitable
for use in future large solid motor nozzles., A nonsubmerged nozzle having a
throat diameter of 13 to 16 in. (33 to 40.6 cm), a 6:1 expansion ratio, and a
conical exit cone with a divergence angle of 17.5° (0.306 rad.) was specified.
It was further required that conventional tape wrapping and pressure/heating
cure techniques be employed. A listing of acceptable candidate materials was
provided (Table 9) with actual selection of materials subject to approval of

the NASA-LeRC Project Manager.

The nozzle was to be of flight-weight design, having maxi-
mum safety factors of 1.3 on structural components and 2.0 on ablative components,
These requirements were subsequently relaxed, with the approval of the NASA-LeRC

Proiect Manager, in the intent of increasing the probability of success in the
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tests. Therefore, no effort was attemped to optimize the design to a flight-
weight configuration. Primary considerations in the design were that the inter-
face between the ablative flame liner and the insulation overwrap did not exceed
100°F (312°K) during the firing and that strain in the ablatives did not exceed
0.25%.

b. Material Selection

(1) Nozzle No. 1

On the basis of nozzle material cost trade studies
conducted on a base-line 260-FL nozzle design, conclusion was made that the use
of carbon-silica phenolic, double-weight silica, and canvas-duck phenolic showed
the most potential for overall nozzle-cost reduction. These materials would be
substituted for the MX~4926 carbon phenolic and ¥M-5131 silica phenolic mate-
rials that have been used previously in the large motor nozzle assemblies.
Although subsequent trade studies (discussed in Section II1.D.1l) indicated that
the use of a carbon~-phenolic material in the throat was the most economical
approach in reducing overall large-motor cost, it was felt that additiomal
characterization of carbon-silica would be beneficial. If the actual throat
erosion of this material could be demonstrated to be lower than expected {(as
determined from limited subscale-motor test data) it could be an atractive
replacement for carbon-phenolic on the basis of its lower cost of $5.00 to
$6.00/1b. However, its most probable application would be in the lower erosion

areas of the nozzle entrance sections and forward exit cone.

In the less~severe environments of the nozzle and
exit cone, the use of heavyweight silica and canvas-duck phenolic sheowed the
greategt potential as a cost-effective ablative material. These materiszls had
not been tested previously on a large scale motor having propellant exhaust
characteristics essentially the same as would be experienced on the 260-in.-dia
(6.60 m) motors. Other low-cost materials on the NASA-LeRC listing of accept-
able alternatives, such as FM-5272 paper phenolic and the asbestos phenclics,
do not possess any significant cost, performance, or processing advantage over

the canvas-duck materials and were not considered for evaluation as ablators.

ot
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For the reasons stated above, the following material

selections were made:

Acceptable
Component Area Ratio Material Grades
Entrance Section -3.49 to -1.73 Silica Phenolic MX-2600-96
(double-weight) SP-8030-96
WB-2233-96
FM-5504-96
Entrance Section -1.73 to ~1.11 Carbon~Silica Phenolic  MXSC-195
Throat Insert -1.11 to +1.17 4C 2530
Exit Cone Fwd Linerxr +1.17 to +1.60 WB-8251
Exit Cone Aft Liner +1.60 to ~6.00 Canvas Duck Phencolic KF-418
’ 4KXDO2
CA-2213
Overwrap NA Asbestos Phenolic MXA-6012
FM-5525

Selection of asbestos phenolic for the overwrap was
based primarily on the desire to investigate the fabrication compatibility
between a low-cost asbestos—phenclic system and the selected liner materials.
Asbestos and canvas duck phenclic are equivalent in terms of mechanical proper-
ties and cost, while the asbestos is a slightly better insulator. Both mate~
rials are well suited for the overwrap application and each material was incor-

porated into the two nozzles for evaluation in this program.

To further substantiate the nozzle material selec-—
tions, a comparison of the relative cost and performance of the candidate mate-
rials was made. A Cost Effectiveness Index (CEI) rating was formulated which
takes into account the predicted material loss and char, the specific gravity,
and pre-preg cost per pound. This, in effect, compares the unit cost of mate-
rial which must be provided to meet design requirements. The results are sum-
marized in Table 10 and show little apparent difference between carbon and carbon-
gilica in the higher erosion areas of the nozzle. Conversely, canvas duck has a

distinct cost/performance advantage over silica in the exit cone,

ot
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(2) ©Nozzle No, 2

Selection of suitable materials for evaluation on
the second test nozzle was primarily to establish the limits within which very
low cost ablative materials can be used in the various regions of the nozzle,
On the basis of current experience in nozzle design, the very low cost types of
ablative materials, i.e., silica, asbestos, and canvas phenolics, have been
used only in the high expansion-ratio areas of the nozzle. Results of a cost
effectiveness study (Table 10), indicated that a saving in nozzle cost would be
realized by using silica in the throat and low area ratios of the nozzle,
Although a subsequent motor performance trade study showed that the most econom-
ical approach is a nozzle design where throat area change is at minimum, it is
nevertheless desirable to obtain factual performance characteristics of these
material types at the throat and low area ratios of the nozzle. On the basis
of results for erosion characteristics, intelligent selection of these materials

for the full scale nozzle design of Task I1I can be made.

After consideration of various low-cost materials,
a nozzle design incorporating a silica-phenolic throat, entrance section, and
forward exit cone with a canvas duck-phenolic aft exit cone and overwrap was

selected. This comprised an 'all white" nozzle for the second evaluation test.

Considerable data are currently available on the
thermal and physical properties and performance of the various carbon phenolic
materials. However, there has been very little experience to date on the use
of silica-phenolic materials in rocket motor nozzle throat sections. Thermal
analysis and design confirmation is handicapped by the lack of adequate material
characteristics in this environment. If the erosion rate of a 260-FL motor
nozzle throat made of silica phenolic were demonstrated to be only 0.013 in./sec
(0.033 cm/sec), rather than the 0.017 in./sec (0.043 cm/sec) predicted, a2 net
savings of $118,600 in motor costs could be realized. This is based on an
ablative-material saving of $303,600 (from the base-line design) less the
$175,000 propellant and case cost that is necessary to recover the same payload

capability as the baseline motor, as is explained in Section ITII.D.1.

Lt
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It was also felt that the processing properties of

the double-thickness silica tapes should be further evaluated since this type

iy

of material would contribute to significant labor cost savings during wrapping

i

of full-scale (260-FL) nozzle components.

c. Design Description

The nozzle configuration was of a nonsubmerged design
having a 13.0 in. (33.0 cm) initial throat diameter, a 17.5-degree expansion
angle, and a 6:1 expansion ratio providing a 31.85 in. (80.8 cm) exit diameter,
& conical entrance contour of approximately 35 degrees provides a smooth gas

flow surface from the motor chamber to the throat station.

The nozzle assembly was comprised of three ablative liners
for the entrance, throat, and exit sections., Fach liner component was designed
to be fabricated by conventional tape-wrapping methods and cured at 250 to 300
psi (172 to 207 N/cmz) autoclave pressure. The tape orientation angle measured
from the nozzle center line was 70, 45, and O degrees for the entrance, throat,
and exit section components, respectively. FEach liner component was designed to
be overwrapped with tape parallel to the wrapping surface, with the two materials

being cured simultaneously,

The liner components were supported by a structural shell
fabricated of AILSI 4130 steel (normalized) having a minimum yield strength of
about 70,000 psi (48300 N/cmz). The gap between liner components was f£illed
with a silica rubber. 1In addition to the three plastic inserts, a trowelable
imsulation (IBT-100) was used to protect the nozzle approach section forward of

the entrance insert.

The fiberglass structural wrap, consisting of 65% roving

and 35% cloth in interspersed layers, provided additional strength in the higher

[}

tressed area of the exit-cone liner immediately aft of the steel shell. S$-894

ss roving (20 end) and No. 143 glass cloth impregnated with epoxy resin were

ao
pt
jas}

O]

pecified. This system required a standard elevated-temperature and pressure-

cure cycle.
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The above description applies generally to the two
nozzles that were fabricated. The significant difference between the two units
was in the ablative materials used and the location of material transition
interfaces. These features are documented in the fabrication drawings refer-

enced in the following paragraphs:
(1) Nozzle No. 1

Nozzle No. 1 is defined in Aerojet Drawing No.
1147608 (Figure 7). TFrom the listing (on the drawing) of acceptable and equiv-
alent phenolic-resin impregnated ablative tapes, the following materials were
actually used: (Choices were made by the fabricator on the basis of best cost

and delivery.)
Forward Entrance Section (to ¢ = 1.67) SP 8030-96 (Armour)
Silica-phenolic

Aft Entrance Section MXSC-195 (Fiberite)
' Carbon-gilica phenolic

Throat Insert MXSC-195
Forward Exit Cone Liner (to € = 1.6) MXSC-195
Aft Exit Cone Liner LKXDO2 (Hexcel)

Canvas duck phenolic
Overwrap MXA-6012 (Fiberite)
Asbestos phenolic

(2) Nozzle No. 2

The second nozzle is shown in Figure 8 (Aerojet
Drawing 1147609), and the materials used in fabrication of this nozzle are

listed below:

Entrance Section MX-2600-96 (Fiberite)
Silica-phenolic

Throat Insert MX-2600-96

FTwd Exit Cone Liner (to & = 2.01) MX-2600-96

foed
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Task I - Nozzle and Test-Motor Design, Analysis, and Fabrication (cont)

Aft Exit Cone Liner 4KXD0?2 (Hexcel)
Carbon duck phenolic

Overwrap 4KXD02 (Hexcel)
(3) Redesign and Modification of Nozzle No. 2

No nozzle ablative material performance data were
obtained from the first test because of the motor malfunction early in the

firing.

The first nozzle incorporated the materials that were
of greatest interest and the data loss represented a set~back in achieving the
basic goals. Since the acquisition of performance data on a silica throat and
entrance section (nozzle No. 2) was for experimental purposes (not directly
applicable to a 260-FL design), the decision was made to modify the second
nozzle to incorporate the same materials in the throat and entrance sections
as were used on the first nozzle. The exit cone of nozzle No. 2 was not alter-—
ed. Therefore, the modified nozzle (PN 1149295-2, Figure 9) répresented a com—
bination of the nozzle No. 1 forward section design (including throat) and the
nozzle No. 2 exit cone. Materials actually used in the modified nozzle section

were:s

Forward Entrance Section (to & = 1.67) MX-2600~96 (Fiberite)
Silica phenolic

Aft Entrance Section MXSC-195 (Fiberite)
Carbon-silica phenolic

Throat MXSC-195
Overwrap LKXDO2 (Hexcel)

Canvas duck phenolic

A brief description of the selected insulation

materials and their prior use follows:

(a) Codeposited Carbon-Silica Phenolic

This material, exemplified by WB-8251

{(Western Backing Company) was selected for use in the throat insert, the aft
23 pany
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portion of the entrance section, and the forward portion of the exit section
(nozzle No. 1). The reinforcement (Averam C/S) was produced by the American
Viscose Corporation and contains about 65% SiO2 and 35% carbon. The material
has been used in nozzle components for two previous programs investigating low
cost material(2’3). Materials that are equivalent to the WB-8251 and 4C2530
(Coast Manufacturing) and MXSC-195 (Fiberite Corporation). The material cost

is about $15/1b.
(b) Double-Thick Silica Phenolic

This type of material is exemplified by
SP-8030-96 (Armour Coated Products). In addition to the low prepregnated cost,
economy is achieved because the double tape thickness reduces wrapping time by
about 50%. Materials that are equivalent to the SP-8030-96 are MX-2600-96
(Fiberite), WB~2233-96 (Western Backing), and FM-5504-96 (U. S. Polymeric).
The material cost is about $5.50/1b.

(c) Canvas Duck Phenolic

A representative of this type of material
is KF-418 (Fiberite). Equivalent grades are 4KXD02 (Coast Manufacturing) and
CA-2213 (Western Backing). The material performed well in both the Air Force

and NASA programs referenced above. The material cost is about $1.80/1b.
(d) Crocidolite Asbestos Mat Phenclic

Typical of this material is MXA-6012
(Fiberite). It also has a successful record in the two programs discussed pre~
viously. The material is felted, which cures to a lower density (1.60 gr/cc)
than the commonly used curysotile asbestos grades (1.8 gr/cc). An equivalent
material is FM-5525 tU. S. Polymeric). The cost of these materials is from
$1.85 to $2.00/1b.
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d. Design Verification and Performance Prediction

(1) Heat Transfer Analysis

In any nozzle analysis, the local convection heat-
cransfer coefficients are evaluated independently and utilized as input to the
charring-ablation program. Therefore, to provide a realistic basis for a
thermal response investigation, certain data on the properties of the heat
transfer media must be available. This includes the exhaust gas composition
in any region of interest, thermal properties (specific heats, thermal conduc-
tivity), and transport properties (diffusion coefficients, viscosity). These
data were either available from previously completed programs or were determined
during the material characterization task conducted at Battelle Memorial

Iinstitute.

The method of analysis for the ablation process,
even though the mechanisms are extremely complex, has progressed as a result
of extensive developmemt efforts. The basic technique used to evaluate the
thermal response of an ablation material is the "Vidya' program. This partic-
ular program is available to industry contractors and has been widely used for

analyzing ablative components. A modified version is in use at Aerojet.

The procedure used to predict ablative performance
ig to first estimate the response {chemical or mechanical) of the wall material

to the propellant and pyrolysis gases in the boundary layer.

To predict the chemical response of carbon-based
material, two separate programs are available. The first program, ''The
Thermo-Chemical Equilibrium Program™ (TEP) computes the equilibrium composition
of the gas adjacent to the wall. It copnsiders either (1) no reaction with the
wall material, (2) pyrolysis gas blowing with nonreacting wall materials, or (3)
pyrolysis gas blowing with a reacting wall material. The second program per-
forms essentially the same calculation; however, instead of the egquilibrium
assumption, three separate reactions with carbon are considered with each reac-

tion being kinetically controlled.
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The two methods predict widely different material
loss rates. Recognition of which is the controlling process can be made only

by comparison of both to observed data in current applications.

In addition to the chemical attack on carbon~based
materials, various other modes of surface loss occur for the other low-cost
ablative systems (i.e., silica-carbon, silica, canvas duck). These include (1)
erosion from pressure and shear forces acting in the low density char layer,
(2) structural failure of the char as the result of thermal stresses, (3)
spallation resulting from pressure buildup within the decomposition zone, (4)
combinations of chemical and mechanical modes acting on the exposed surface

(i.e., particle impacts).

To accurately analyze and evaluate each material
removal mode would be a formidable task. This is so because a detailed know-
ledge of the material's kinetic behavior is required to formulate a model that
would clarify the ablation process sufficiently. In lieu of what cculd be
termed a rigorous model for surface regression, a provisional model is used.
This model considers (1) all energy transport processes that occur in the
virgin, decomposition, and char zones, (2) a basis for the prediction of char
rates, erosion rate, and tramnsient temperature distributions, and (3) a treat-
ment of the surface regression by combining all modes of removal into an

"effective removal rate,' which will be obtained from actual motor firings.

The use of the simplified model is easily accomp~
lished since the basic program assumes that the surface material is removed
solely by chemical reaction characterized by a diffusion limited process. The
mass transfer is then calculated assuming a unity mixture Lewis number, thereby
making the mass transfer and convective heat-transfer coefficients exactly
equal. The resulting erosion rate then becomes proportional to the magnitude
of the local heat-transfer coefficient with blowing for a particular blowing
gas rate.

The surface equilibrium data represent input fo the

charring material ablation program, which describes the transient response of z

composite material that reacts at the surface and decomposes in depth.
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In addition to the kinetic constants, it is necessary
to provide the (1) thermal conductivity, (2) specific heat, and (3) virgin and
char densities of each material being evaluated in order to solve the transient-

conduction equation.

Output of the computer analysis provides ablative-
material performance in terms of erosion depth, char depth, pyrolysis gas rate,
internal temperature distribution, and local demsity distribution over any

desired time interval.
(2) Predicted Data From the Analytical Model

The preliminary nozzle designs were subjected to a
boundary layer analysis to predict the local heat transfer rates. These results
are presented in Table 11 together with the input data, namely, nozzle contour
and surface Mach number. It is noted that the inlet geometry of the nozzle
design is such that the flow is forced to turn sharply in the throat approach,
resulting in a transition to supersonic flow well upstream of the geometric
throat. The sonic point, which roughly coincides with the peak heat transfer
coefficient, occurs at an upstream radius of 6.61 in. (16.8 cm) {(area ratio
“1.035). At the geometric throat, the local Mach number is noted to be 1.28.
This flow field results in the location of the peak heat-transfer coefficient

{also erosion) to occur at an area ratio of 1.07.

The three principal nozzle designs that were con-
sidered for test and evaluation were analyzed using the charring-ablator program.
Therefore, predicted performance data were obtained on nozzles having carbon-
silica, silica, and carbon-phenolic throats. Tabulations of the expected
erosion and char depth and the location of the 100°F (312°K) thermal gradient
at several stations are presented in Tables 12, 13, and 14 for these three
nozzle designs. A plot of these parameters vs time at the throat section is
shown for each nozzle in Figures 10, 11, and 12. TFor the carbon-silica throat,
an evosion rate of 12.9 mils/sec (0.033 cm/sec) is predicted to occur during
web-time, with a total surface loss of 0.586 in. (1.49 cm) during the firing.

This compares to the more severe rate of 18.5 mils/sec (0.047 cm/sec) expected

]
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at the silica throat and a 4.0 mils/sec (0.010 cm/sec) loss rate predicted for

the carbon-phenolic throat.

The thermal response data summarized in Tables 12
and 13 were plotted on cross-sectional drawings of nozzles No. 1 and 2, and the
erosion, char, and 100°F (312°K) isotherm profiles were comstructed. Figure 13A
is the result of this procedure and depicts the expected nozzle performance.
Since the actual nozzle tested on the second motor was a combination of the two

designs, its performance profile was predicted to be as shown in Figure 13B.

On the basis of the expected erosion and char pene-
tration, the minimum safety factor in the No. 1 nozzle section was 1.59, located
at the aft joint of the throat insert; the minimum safety factor on the exit
cone was 1.30, located just aft of the transition to the canvas duck phenolic.
As may be seen in Figure 13A, in no case does the 100°F (312°K) isotherm extend

into the overwrap, thus satisfying one of the major design criteria.

Figure 13A also shows the more marginal performance
of the No. 2 nozzle (all-white) design. A safety factor of only 1.11 exists at
the throat-exit cone interface, as compared to 1.59 at the same location in the
carbon-silica throat, and the overwrap would be expected to experience temper-
atures in excess of 100°F (312°K) at this location. However, this line repre-
sents the condition expected at T + 60 sec, or well after web burncut. There-
fore, this design was considered acceptable from an ablator performance stand-
point. Because of the material substitution that was subsequently incorporated
into this design, no assessment of the validity of the prediction was possible

except in the exit cone area.
(3) Stress Analysis

Extensive use was made of the Aerojet finite element
computer routine No. E11405. The finite element technique solves the differ—
ential equations governing the stress~strain relationships of an axisymmetrical
structure of arbitrary shape when subjected to thermal and mechanical loads.

The finite element approach replaces the continuous structure with a system of
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elastic quadrilateral rings (elements) interconnmected at a finite number of
nodal points (joints). Equilibrium equations, in terms of unknown nodal point
displacements, are developed at each nodal point with the solution of these
equations being the solution of the system. Displacements, loads, or stresses
to which the structure is subjected are replaced by equivalent values acting at
the nodal points of the finite element system. Since each element may have
separate mechanical properties and loading, composite or anisotropic structures
of arbitrary geometry can be evaluated. The effects of finite length, curved
boundaries, variable end conditions, linear and nonlinear variation of modulus
of elasticity, and coefficients of thermal expansion with temperature can be

completely accounted for in the solution.

The E11405 program allows the use of complete aniso-
tropic (hoop, meridional, and radial) material properties. The effects of
ablation can be considered by degrading the material properties above the
ablation temperature (as used in this analysis), or by using the ablated geom-

etry at the instant considered in the analysis.

Analyses were conducted for both the nozzle No. 1
{carbon-silica throat) and nozzle No., 2 (silica throat) designs. The ablator
inner-surface configuration and internal thermal gradient existing at T + 40.5

sec, as determined by the heat-transfer analysis, was used in conjunction with

]

ozzle pressure loads at a chamber pressure of 600 psia (413 N/cmz) as the input
conditions causing material stress or strain. The validity of the analysis was
compromised slightly by a lack of adequate physical properties data on the
carbon-silica phenolic char at elevated temperature. Characterization of this
material by Battelle was not time-phased to be of use in the design verification

analyses, therefore, available data were extrapolated to the temperature levels

existing within the part.

The results of the analyses, as summarized in Table
15 {(nozzle No. 1) and Table 16 (nozzle No. 2) verified that both nozzle designs
were structurally sound. The hoop strain in all ablative liners was determined

to be below 0.25%, the normal maximum allowable value for plastic parts.

[
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The thickness of the ablative parts is usually
determined by the expected heat transfer and regression rates, and not by
structural considerations. For this reason, structural safety margins often
exist that are higher than would be necessary to satisfy the structural reguire-
ments only. This condition is evident on both nozzles, where, on most components,
safety factors exceed the maximum desired values stated in the contract work
statement. With the approval of the NASA-LeRC Program Manager, no attempt was
made to optimize the design of the nozzles to attain lower "flight-weight'

margins.

3. Motor Processing

a. Chamber Preparation

The two Algol IIB motor chambers were prepared for appli-
cation of the trowelable insulation system in a similar manner, with one
exception. Motor No. 1, hereafter referred to as LCAN-0Ol, utilized a new
chamber manufactured by the same supplier and from the same production run as
the current Algol IIB motor contract. Motor No. 2 (LCAN-02) used a case that
was Government furnished as a surplus, loaded Algol motor. Therefore, the
existing propellant and insulation had to be removed from this motor as the
first step in the preinsulation procedure. When this had been completed
(using a high pressure water jet) both chambers were subjected to the follow-

ing sequence of operations:

(1) The interior surfaces were solvent wiped.

(2) These same surfaces were lightly grit-blasted and

again solvent wiped.

(3) An epoxy-resin corrosion-inhibiting primer (Fuller

162-Y-22) was applied by brushing.

(4) The primer was cured at ambient temperature, and the

chamber openings sealed.

o
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b. Chamber Insulation Processing

The overall planned sequence of operations for install-

ing IBT-100 and IBT~106 materials was as follows:

— Design, fabricate, and check-out process equipment
— Grit-blast, clean, and prime Algol chamber

- Install and cure forward dome insulation

- Install and cure sidewall insulation

- Install and cure aft dome insulation

— Install and cure forward and aft boots.

(1) Process Equipment

Four major items of process tooling or shop aids
were required; the design concepts for these items were derived from the work
accomplished under Contract NAS3-11224. The process equipment used is identi-

fied below:

Configuration
Description Tool/I.D. No. Shown in
Sidewall Dispenser T-1023503 Figure 14
Fwd Dome Sweep Template * Figure 15
Aft Dome Sweep Template ¥ Figure 16
Aft Step-Joint Mold * NA

The sidewall dispenser (Figure 14) consists of a
S5-gal (0.019 m3) Binks pressure pot (150 psig) (103.4 N/cmz) mounted on a base
plate equipped with swivel casters. The casters can be adiusted and locked in
two positions: (1) for movement into and out of the chamber, and (2) for dis-

pensing material when the chamber is rotated. A 5-degree (0.011 rad) caster

*These items were defined as expendable shop-aids, therefore a tooling
accountability number was not required.
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III.B. Task I - Nozzle and Test-Motor Design, Analysis, and Fabrication (cont)

deflection was incorporated in the dispenser to provide a 10.5-in. (26.7 cm)

lateral movement of the dispenser for each rotation of the case. As shown in
Figure 17, the 10.5-in. (26.7 cm) lateral movement for each rotation produced
a continuous spiral application, with the required 1.0 + 0.5-in. (2.54 + 1.27

cm) overlap between adjacent spiral passes.

Flow into the trowel from the bottom drawoff of the
Binks pot was controlled by a "speed-ball" rotary valve. In the "off" position,
the handle was rotated so that the slots in the tube were misaligned with the
housing inlet and trowel outlet. Flow control was possible also by adjusting

the pot pressure through a regulator installed on the GN_, pressure line.

2
The forward and aft dome sweep template configura-
tions are shown in Figures 15 and 16, respectively. The trowel portion of each
template was adjustable, so that the standoff distance between the chamber and
the trowel could be changed. After the forward and aft dome insulation was
installed and cured, the standoff distance between the insulation and trowel
was adjusted to 0.25 in. (0.64 cm) for propellant-boot application. A
mahogany mold, also shown in Figure 16, was machined to the required aft step~
jbint configuration and mounted to the aft flange. The sidewall dispenser
drawoff configuration was modified to include a 4.6 ft (1.17 m) flexible hose
and shutoff valve for dispensing material onto the forward dome. Material for

the aft dome was dispensed directly from the 300-gal (1.14 m3) mix bowl.

Processing operations were accomplished in Building
006, Line 1. This area was the Algol IIB motor production facility and included

a top-loading, horizontal oven with turning rollers.
(2) Motor LCAN-01 Insulation Processing

Insulation of the first Algol chamber (SN 27) was
begun on 11 September 1969. The primed chamber was installed on turning
rollers that had been modified to permit a minimum rotation of 1/2 rpm. The
forward dome sweep template was installed and adjusted to give the desired

stand-off distance between the trowel edge and the dome. The measured mimimum

[N
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I11.8. Task I - Nozzle and Test-Motor Design, Analysis, and Fabrication (cont)

stand-off distances were 0.40 in. (1.02 cm) at the igniter boss and dome mid-

point, and 0.20 in. (0.51 cm) at the sidewall tangent.

IBT-106 insulation was transferred from the mixing
bowl to the small, mobile 5-gallon (0.019 m3) dispenser, moved into the chamber,
and troweled onto the forward dome. When the insulation contour matched that of
the template, the trowel was removed and the surface was solvent-wiped to provide
a smooth surface. A total of 43 1b (19.5 kg) of material was installed in the

forward dome.

During a special IBT-106 sidewall dispenser dry-run
in a 54~in.-dia (1.37 m) chamber*, it was determined that a 0.30 in. (0.76 cm)
trowel standoff setting was necessary to achieve the required 0.20 in. (0.51 cm)

insulation thickness.

A mobile dispenser, loaded with IBT-106, was moved
intoc the chamber so that the edge of the trowel assembly was approximately
12 in. (30.5 cm) aft of the forward tangent. The casters were locked in the
5 degree (0.017 rad) spiral attitude, and the pot was pressurized to 40 psig
(27.6 N/cmz). As the valve was opened, chamber rotation (1/2 rpm) was started
and material application began., A total of 395 1b (179 Kg) of IBT-106 was
applied to the sidewall.

Following the sidewall operations, IBT-100 was
applied to the aft dome interior. As shown in Figure 16, the step-joint
contour was controlled by a wooden mold mounted to the aft flange. Difficulty
was encountered in troweling the IBT-100 into the narrow area adjacent to the
flange (shown as the shaded area in Figure 18A). Visual inspection after cure
and mold removal revealed several voids and deformations; these were surface
defects, however, and did not extend into the material beyond the shaded area.
The defective areas were trimmed out and fresh IBT-100 was applied. Then the

mold was reinstalled, extruding excess repair material from between the mold

#This chamber previously used for Task II, Process Evaluation,
Contract NAS3-11224.
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and cured insulation. This repair method was effective in producing a sound,
defect-free joint. For the second motor, IBT-100 was troweled on the aft
flange as shown in Figure 18B to a thickness greater than required tec £ill the
area adjacent to the flange. Then, as shown in Figure 18C, the wooden moid

was installed, extruding excess material onto the aft dome.

Forward and aft propellant-boot installation was
accomplished as planned. IBT-106 was applied over the cured insulation sur-
face after application of DC-Q92, a silicone -based release agent. The sweep
templates were used to obtain the required thickness. After cure, the boots
were manually pulled away from the released insulation surface. The boots

retained their position without application of external force.

The following significant problem areas were en-

countered during the insulation process:

(a) Good thickness control was obtained on the
forward dome, except at the chamber tangent point where a ridge build-up
occurred. The ridge was removed by hand trimming after cure. In Motor

LCAN-02, the ridge was smoothed off with a spatula prior to cure.

(b) The template contour did not exactly match that
of the forward dome, and there was insufficient horizontal adjustment capabil-

ity. These deficiencies were corrected prior to boot installation.

(¢c) Poor thickness control was experienced initially
during sidewall application with measured thicknesses ranging from 0.2 to 0.5 in.
(0.53 to 1.27 cm). Slippage between the motor handling rings and the turning
roller surfaces at 1/2 rpm resulted in a corrugated surface effect. There was

no apparent method of correcting this situation.

(d) An excessive build-up of material between spiral
passes was experienced. This condition was caused by overflow around the edge
of the trowel. Extensive effort was expended in trimming away these ridges in
Motor LCAN-01l. To prevent overflow and excessive ridge build-up in the second

motor, a plate was welded to the end of the trowel.
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(e) During initial operation of the sidewall dis-
penser, the trowel, wvalve, and housing section tended to rotate and float as
a result of drag caused by material build-up in the trowel. This problem was
solved by incorporating a U-clamp brace between the wvalve housing and the pot

platform.

(£) By far the most significant problem was air
entrapment in the sidewall insulation caused by GN2 pressurization gas leakage
past the diaphragm, or by GN2 blow-through when the dispenser was emptied or

whe

B
3

» the diaphragm became misaligned. As shown in Figure 14, three guides
were bolted to the diaphragm to reduce instances of misalignment. Because of
the small dispenser—pot capacity, 40 1b (18.2 kg), the frequent refills
resulted in significant air entrapment and even though the operator tried to

anticipate dispenser depletion, blow-through was encountered frequently.

The forward and aft sections of the insulated
motor were inspected by tamgential radiography every 60 degrees (1.05 rad)
around the circumference. Two thin areas of 0.25 in. (0.635 cm) each and
approximately 8 in. (20.8 cm) in diameter, were detected in the sidewall
adjacent to the forward and aft propéllant boots. The forward insulation
contained a few small, flattened voids, randomly scattered through the mater-
ial. These defects were generally from 0.25 to 0.50 in. (0.635 to 1.27 cm)
long and less than 0.02 in. (0.51 cm) thick, and were caused by material over-
lapping during the troweling process. Since these defects were buried in the
material and were few in number, they presented no hazard to insulation per-
formance and no repair effort was attempted. The forward visual inspection
{confirmed later by X-ray) revealed one thin area approximately 6 in. (15.2 cm)
in cdiameter in the aft boot adjacent to the step~joint. There were no back-
side defects. A 2 in. (5.04 cm) diameter thin area was found in the forward
boot, and there was also a back-side defect associated with this thin area.

Both of these defects were repaired with fresh IBT-106.
Several voids to 0.5 in. (1.27 cm) in dia were
detected in the aft dome insulation, generally in areas adjacent to the dome

wall., Apparently some air entrapment occurred when the initial layer of
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IBT-100 was applied. As was discussed previously, it was difficult to trowel

IBT-100 into the narrow area adjacent to the aft flange. The effort required

0

to move material into the joint area may have led to air entrapment in the aft
dome. The defects were located in a noncritical area where the material thick-
ness needed to provide a smooth contour far exceeded the performance thickness

requirements. Thus, no repair effort was necessary.

A 1007 ultrasonic inspection of the case side~
wall insulation system was performed. For the most part, the defects noted
turned out to be small voids, less than 0.50 in. (1.27 cm) in diameter and
near the case bond line. The defects were caused primarily by GN2 leakage
past the dispenser diaphragm or by blow-through when the dispenser was empty.
All the foregoing defects and thin areas were trimmed out and repaired with

fresh IBT-106.

After curing of the repaired areas, the forward
V-44 sleeve and fiberglass aft-boot extension were installed, the interior sur-
face was cleaned, and precast operations were initiated. A total of 774 1b
(351 kg) of insulation, including propellant boots, was installed. This amount
was approximately 80 1b (36.3 kg) more than the amount calculated. A photograph

of the completed insulation system is shown in Figure 19.
(3) Motor LCAN-02

Insulation operations for the second motor were
started on 28 October 1969. The forward dome and sidewall insulation were
installed in three consecutive days beginning 28 October. Installation opera-
tions were accomplished much more efficiently than with Motor LCAN-01, especially
for the sidewall. 1In particular, the plate that was welded to the end of the
dispenser trowel was effective in eliminating the material build-up between
spiral passes. Although the technique of handling and operating the sidewall

dispenser was improved significantly, problems concerning GN, leakage around

2
the diaphragm and blow-through when the dispenser pot emptied were still not

overcome. This was evidenced by ultrasonic inspection which revealed numercus
small voids similar to those found on the first motor. The defect areas were

trimmed out and repaired with fresh IBT-106.
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Installation of the aft dome insulation and forward
and aft boots installation were accomplished as planned. Visual inspection
after aft-dome cure and mold removal revealed several deformations in the aft
step~joint insulation surface, but these surface defects were not as severe as
those experienced in the first motor. Figure 20 shows four of these surface
defects and the aft insulation/boot configuration after cure. The changes in
the IBT-100 installation process discussed in the previous section were success-
ful to the extent that the quantity and depth of the defects were reduced;
however, it does appear that thick sections of IBT-100 must be built up layer
by layer to avoid air entrapment caused by material folding upon itself. No

difficulties were encountered during propellant boot installation.

The forward and aft sections of the insulated motor
were inspected by tangential radiography every 60 degrees (1.05 rad) around

the circumference. The following defects were noted:
(a) Aft Dome

1 A 5-in.~long (12.7 cm) area of thin in-
sulation, approximately 0.10 in. (0.25 cm) thick, located 16 in. (40.7 cm)
forward of the aft tangent at 270 degrees (4.71 rad).

2 A 3-in.-dia (7.62 cm) area of flat voids,

10 in, (25.4 cm) forward of the aft tangent at 90 degrees (1.57 rad).

3 Flattened voids in the IBT-100 near the

chamber wall at the thickest section of insulation.
(b) Forward Dome

1 An dirregularly shaped void measuring 0.8
by 0.6 in. (2.03 by 1.52 cm) located 5.5 in. (13.9 cm) aft of forward tangent
at 330 degrees (5.76 rad).

2 An dirregularly shaped void measuring 0.6
by 0.5 in. (1.52 by 1.25 em) located 16 in. (40.7 cm) aft of forward tangent
at 30 degrees (0.525 rad).

(e
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3 Some small flattened voids well scattered

throughout the material.

The noted defects were trimmed out where

required and repaired with IBT-106.
(c) Boots

The propellant boots were free of defects.
After cure of the dome repairs, the forward V-44 sleeve and fiberglass aft
boot extension were installed, the interior surface was cleaned, and precast
operations were initiated. A total of 884 1b (402 kg) of insulation, includ-
ing propellant boots, was installed. Qualification data for the insulation

material used in the second motor is shown in Table 17.

A leak-check was conducted to determine the
integrity of the forward propellant boot and the bond between the V-44 ruhber
sleeve and the boot. The test agent was ammonia gas; the indicator was phen-—
olphthalein, which turns a deep-purple color when exposed to traces of NHB@
Ammonia gas from a pressurized cylinder was introduced into the cavity between
the boot and the forward insulation. White cloths, wet with phenolphthalein,

were laid over the boot and sleeve. There were no indications of leakage.
c. Propellant Loading and Preassembly Operations
(1) Motor LCAN-01
The modified Algol IIB core was installed in the
insulated case and the entire assembly positioned vertically (aft-end up) in
a vacuum casting bell. Four 5600 1b (2550 kg) batches of ANB-3347 propellant

were mixed and loaded into the motor on 27 October 1969.

‘The core was removed with no difficulty following

an 8-day cure at +135°F (331°K) and a 36 hr cool-down at 80°F (300°K). The

L
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aft face of the grain was trimmed to the counfiguration of Drawing No. 1147611
following core removal. The final propellant grain weight was 20,478 1b

(9330 kg).

A 1007 radiographic inspection of the completed
motor was performed. There was no evidence of any propellant wvoids, cracks,
or unbonding from the insulation surfaces. No gas path was visible between
the forward or aft boot voids and the propellant. The inspection results
verified the integrity of the insulated and loaded motor and confirmed its

acceptability for test firing.
(2) Motor LCAN-02

Loading of this motor with ANB-3347 propellant was
completed on 8 December 1969. Loading was accomplished in the same manner as
described for Motor LCAN-0l. An 11 day cure period at 135°F (331°K) was
accomplished followed by normal core removal and aft-grain face-trimming

cperations. The net propellant weight in this motor was 20,404 1b (9260 kg).

Again, radiographic inspection of the completed

motor verified the acceptability of the propellant/insulation system.

Qualification data for the four LCAN-02 propellant
batches is presented in Table 18. Data from the previous motor and the scale-
up batches are included for comparison. A slightly higher liquid strand burn-
ing rate in the second motor propellant was the only significant difference
noted. However, the average solid strand burning rate at 500 psia (345 N/cmz)
is lower for LCAN~Q2 propellant, 0.205 in./sec vs 0.237 in./sec (0.52 cm/sec
vs 0.60 cm/sec) and is a better indicator of what could be expected as the

static burning rate in the full-scale motor.
Mechanical properties data for all ANB-3347 propel-

lant batches processed on this program are summarized in Table 19; the consis-

tency of data between batches was very good.
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d. Modification and Rework of Motor LCAN-02

Because of the failure of Motor LCAN-Ql during static
test firing (see Section IIL.C.2), several modifications were made to the

completed second motor to prevent a similar failure.

The rework that was performed is discussed below and

shown in Figure 21.

The forward igniter bore was enlarged by hand trimming
to about 7.0 in. in dia (17.8 cm). This involved removal of the entire V-44
sleeve and the bond joint between it and the forward boot. The exposed pro-

pellant surface was restricted with IBT-113 trowelable insulation.

The boot release voids at the forward and aft heads of
the motor were filled with an epoxy-based potting compound (MK-599). This was
done with the motor in a vertical position under vacuum conditions and with the

propellant cooled to 60°F (289°K).

The exposed portion of the igniter adapter was insulated

with IBT-106.

When these rework operations had been completed, a com—
prehensive radiographic inspection of the forward and aft sections of the motor
was performed. With the exception of one small area near the igniter boss
(subsequently repaired) the MK-599 potting compound had completely filled the
boot cavities as intended. The quality of igniter bore restriction and its

bond to the propellant were also verified by the X-rays.

e. Motor Final Assembly

Prior to motor final assembly, two modificatiouns were
made to reduce the initial high chamber pressure caused by erosive burning.
These were the application of a restriction material to the aft face and aft

3 ft (0.91 m) of the grain bore and the removal of about 407 of the igniter
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propellant grain. The grain restrictor of SD-830, an epoxy-cured polysulfide
potting compound, was brushed on to a thickness of 0.05 to 0.10 in. (0.13 to
0.25 cm).

Final assembly of both motors was completed in accordance
with the requirements of Drawing No. 1149067. A dry fit of the nozzles con-
firmed the expected 0.05 to 0.10 in. (0.13 to 0.25 cm) gap between the IBT-100
insulation step-joint mating faces. AGC-34076 silicone rubber sealant was

applied to this area during nozzle installation.

The assembled motors were leak-tested at 30 psig (20.7

. pa . . .
N/em™) using a leak detecting solution. No leakage was found.

The motors were maintained in a 70 to 85°F (294 to 303°K)

controlled environment during all processing, storage, and pretest operations.
P s p

4. Nozzle Fabrication

Two nozzle assemblies were manufactured to evaluate the low-
cost ablative material performance capabilities. The assemblies were identical
with respect to dimensional configuration, and the components for each were
fabricated using similar wrapping procedures. Three sets of entrance and throat
inserts were fabricated for the two nozzle assemblies; the second set was re-
moved from assembly and replaced by the third set as a result of the first motor
firing. All nozzle fabrication was performed by Haveg Industries, Inc., of

Santa Fe Springs, California.
a. Materials

The pre-preg materials that were used to fabricate the
nozzle components are listed in Table 20. Also shown are the suppliers and
the reinforcement-resin systems of each pre-preg material. The parenthetical
numbers in the "Where Used" column refer to the particular nozzle assembly -
21 being the set that was initially installed in the second nodozzle assembly.

Y

Three of the five materials had been evaluated in previous low-cost nozzle
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(2’3); the remaining two (4KXD02 and MXSC-195) were con-—

evaluation programs
sidered to be equivalent to KF-418 and WB-8251, both of which had been
previously evaluated. The measured and desired properties of the pre-preg
materials are shown in Table 21. In most cases, the desired range of each
property was met, although the spread of measured values was greater for the
AVCERAM C/S (carbon-silica) and canvas duck pre-preg materials. Since these

materials have but recently been used in ablative applications, it appears

that their impregnating parameters have not yet been standardized.
b. Fabrication

The nozzle components were designed to consist of flame
liners with plies oriented at a specified angle to the center line of the
nozzle and overwrapped with a combined insulative-structural material., Excess
material was provided at one or both ends of the wrapped component for evalu-
ating the properties of the cured composite. Following the removal of this
excess material, the components were machined to produce the finished parts.

These were then dry-fitted and assembled to form the nozzle.

The general fabrication procedure for the ablative nozzle

inserts was as follows:

(1) The flame liner materials were wrapped ounto a steel
mandrel with the tape plies oriented to yield the specified angle after com~
pletion of cure. The aim was to achieve an as-wrapped demsity of 87% for the

high—angle plies and 93% for the parallel-to-center line plies.

(2) The flame liner was compacted (debulked) in an
autoclave at a temperature of 170°F (350°K) and a pressure of 250 psig

(172 .4 N/cmz). The exterior surface was then machined.

(3) The flame liner was covered with the insulative

material wrapped parallel to the machined surface.
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(4) The overwrapped flame liner was cured in an auto-
clave at a temperature of 300°F (422°K) and a pressure of 250 psig (172.4

Nicmz}@

(5) The excess material was parted from the insert and

evaluasted. The insert was machined for assembly.

The specific parameters used to fabricate each of the
components are shown in Table 22. Wrapping, one of the three principal opera-
tions (the others are debulking and curing) is essentially a manual operation.
Consequently, the wrapping parameters are subject to more fluctuation than
those of the other two operations. Despite the wide variation in tape temper-
ature and roller pressure, the as-wrapped densities met the target values,
except for the canvas—duck in Exit Cone No. 2, which had an as-wrapped density

£ 92%.

The properties of the cured composite are shown in
Table 23. Test procedures were conducted in accordance with the requirements
of Specification AGC-36413. The minimum requirements were met or exceeded for
all composites except the canvas duck. The measured values of hardness, un-
cured resin content, and volatile content of this material indicate that either
the cure process was not as complete as desired, or that the property limits

require some alteration for specification purposes.
c. Assembly

The nozzle components were bonded to a steel shell using
the epoxy adhesive Epon 913. Joints between the ablative components were filled
with the silicone rubber compound PR-1910. The sequence of bonding was (1) exit
cone to shell, (2) throat to shell and exit cone, and (3) entrance to throat
and shell. The adhesive was cured by heating to 180°F (355°K). After each
ablative component was cured, it was machined at the forward face to match the

adjacent, next-to~be-bonded, component.

(93]
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After all nozzle components were bonded to the ghell,
glass/epoxy roving was wrapped over the steel shell and a portion of the exit
cone {(Nozzle No. 1 only). The nozzle assembly was then autoclave-cured at

300°F (422°K) and 100 psig (69 N/cmz) for 2 hours.

Following cure, the nozzle was set up in a lathe and the
internal contours of the entrance and throat were machined to the drawing

dimensions.
d. Fabrication Problems
(1) Nozzle No. 1 Exit Cone Delaminations

The most severe problem encountered during any of
the nozzle manufacturing procedure concerned processing of the glass structural

overwrap, as discussed in the previous section.

A separation between the asbestos-phenolic overwrap
and the canvas duck-phenolic exit—cone liner was discovered after completion
of the glass overwrap cure. Three areas of separation between the two mater-
ials were apparent at the exit plane of the nozzle. Radiographic and ultra-
sonic inspection of the assembly indicated that 60 to 80% of the exit cone aft

of the steel shell had delaminated at the asbestos overwrap interface. Limi

$ad
I

a—
tions of inspection equipment prevented a satisfactory verification of this
bond forward of the aft end of the shell, although the X-rays did show the
separation ending about 2 in. (5.08 cm) aft of the steel shell.

The separation of the asbestos overwrap from the
canvas duck flame liner was observed after completion of the glass cverwrap
cure cycle and subsequent cool-down. The cure cycle consisted of a temper—
ature rise at a rate of 1°F/sec to 180°F (356°K) with a hold at 180°F (356°K)
for 2 hours followed by a further increase at the same rate to 300 + 10°F
(422 4+ 261°K) for 2 hours (min). This was all accomplished with the part
under vacuum-bag pressure of 20 in. Hg (6.75 N/cmz) and an autoclave pressure

of 100 + 10 psig (69 + 6.9 N/cm®) .

[
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Using the available data on the coefficient of thermal
expansion of canvas— and asbestos-—phenolic composites and the actual exit cone
geometry, a stress analysis was conducted to determine if the failure was
caused by the differential expansion of the liner and overwrap during this
cure cycle. The results show a tensile hoop stress of 2000 psi (1378 N/sz)
and a shear stress of 500 psi (345 N/cmz) occurring at the bond interface
during the increasing-temperature portion of the glass—cure cycle. The
ultimate room-temperature tensile strength of an asbestos-phenolic laminate,
perpendicular to the wrap, is 1500 psi (1033 N/cmz). The bond failure thus
appears to be the result of the tensile hoop stress resulting from differential

thermal expansion,

The X-rays taken to define the extent of the exit cone
overwrap separation revealed two additional defects. The more serious of the
two was a possible delamination between plies of the canvas-phenolic exit cone
liner at an area ratio of 2.8:1. The extent of this condition circumferentially
was not established due to the limited number of exposures taken. However, the
presence of the delaminations was verified visually after removal of the
asbestos overwrap. Four defects measuring 4 to 7 in. (10.15 to 17.78 cm) in
length were noted. These did not extend to the inmner surface of the liner,
but could possibly have been exposed during the course of the firing. In
addition, a delamination in the glass structural overwrap was found. This

defect extended over the full length and circumference of the material.

The delaminations in the canvas-phenolic liner are
believed to be the result of high tensile loads induced in the parallel-to-
center line wrap at the point where good bonding to the asbestos existed

adjacent to a separated area. The delamination in the glass overwrap cannot

be explained.

The following repair procedure was established in con-
Junction with Haveg and was approved by the LeRC Program Manager. Prior to
implementation of the repair, a preliminary stress analysis was conducted that

verified the structural adequacy of the proposed approach.
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(a) All the glass roving and HT-424 adhesive was

removed from the outside surface of the exit cone and metal housing.

(b) All MXA-6012 asbestos overwrap aft cof the metal
housing was machined from the outside surface of the canvas duck exit-cone liner.
The remaining asbestos overwrap surface was tapered parallel to the nozzle

center line from the metal housing to the canvas duck liner,

(c) The entire outside surface of the exit cone
was inspected by acetone-penetrant testing to determine the location and mag-

nitude of any delaminations in the canvas duck liner.

(d) The four liner delaminations detected were
impregnated with Epon 828 resin, vacuum~bagged, and subjected to a 100 psi

(69 N/cmz) autoclave pressure for 30 min.

(e) A hand lay-up of glass cloth (Type 182) and an
ambient-curing epoxy resin (Epon 828) was applied, covering the entire exit

cone to a thickness of 0.15 in. (min) (0.38 cm).

(f) The part was vacuum~-bagged and cured at room

temperature and 100 psi (69 N/cmz) for 24 hours.

Subsequent to repair of the exit cone, a finite-
element analysis of this area was conducted in which it was assumed that the
noted delaminations in the canvas extended completely through the part. The
calculated hoop stress and strain in the glass overwrap were only 4000 psi

(2754 N/cmz) and 0.1337%, respectively, well below allowable limits.

Radiographic inspection of the entire nozzle at
Aerojet verified acceptable bonding of the glass overwrap to the exit-cone
liner and the steel shell and confirmed the integrity of the asbestos-overwrap
bond to the entrance and throat inserts. The delaminations in the canvas liner
were also seen to end at least 1/2 in. (1.27 cm) from the inner surface of the

part.
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(2) Carbon-Silica Wrapping Difficulties (Nozzle No. 1)

During the initial wrapping of the MXSC-195 carbon-
silica entrance section, and prior to the debulk cycle, a delamination (or
unbonding) between plies occurred. A "predebulk" cycle of 1 hr at 150°F

{339°K) and 100 psi (69 N/cmz) was used to successfully repair this condition.

Cracking at the 0.D. surface of the pre-preg tape
was experienced during wrapping of the carbon-silica throat insert. This was
traced to overadvancement in the resin. To achieve the requirement of 6%
maximum volatile content in the pre-preg, it was necessary for Fiberite to
take their standard material and dry it further, at a temperature below 200°F
(367°K). This reduced the formability. It appears that the volatile content

for this pre-preg should be between 6 and 9%.
(3) Nozzle No. 2

No significant fabrication discrepancies were en-—
countered during the processing of this unit. As on the first nozzle, the
volatile content and acetone-extraction level of the cured canvas duck-
phenolic material (4KXD02) slightly exceeded the specification requirement.
The rvemoval of the bonded silica-phenolic entrance and throat inserts from
the completed second nozzle was accomplished without difficulty subsequent to
the decision to replace these parts with components fabricated from carbon

silica.
The replacement inserts were processed with no
deviations reported. The cured composite properties met all specification

criteria.

5. Ablative Materials Characterization

The nozzle components were characterized with respect to
chemical, physical, and mechanical properties. The properties of the pre-preg

and composites were determined by the pre-preg supplier and component fabricator;
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the physical and mechanical properties (of the composite) were determined by
Battelle Memorial Institute, Columbus, Ohio. The specimens for all measure-
ments of composite properties were made from test rings removed from the first

nozzle components.
a. Pre-Preg Properties

The properties of the pre-preg materials used in the test

nozzles are given in Table 21.
b. Composite Properties
Properties of the cured composites are shown in Table Z3.
(1) Specific Gravity

The specific gravities of specimens taken from the
test extensions were determined in accordance with the weight-volume method of
Federal Test Method Standard 406 (FIMS 406, Method 5011). In general, the
specific gravities of the composites were normal except for that of the
MXA-6012 asbestos. The value of 1.74/1.78 reported herein is higher than the

1.60/1.61 reported previously(2’3),

(2) Hardness

The hardness of the cured composites were deter-
mined by the Rockwell 'R' scale, which uses a 0.5-in. (1.27 mm) ball indentor
with a 60 kg load. Measurements were taken for informational purposes, and,

in general, are similar to those given in Reference (2).
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(3) Volatile Content

Volatile content was determined by establishing the
weight loss in a specimen heated to 325 + 10°F (436 + 5.6°K) for 24 + 0.5 hours.
Except in the 4KXD02 canvas composite, the volatile contents were all below the
4,07 called out on the nozzle drawing. The volatile contents of the 4KXD02
specimens were between 4.7 and 5.2%, but were considered to be acceptable on
the basis of results obtained with high-volatile-content parts tested in solid

(4

rocket motors in a recent NASA~funded program
(4) TUncured Resin Content

Uncured resin content in the cured composites was
determined by the weight fraction dissolved after extraction of a particulate
sample with acetone. The MXA-6012 specimens contained between 0.51 and 0.56%
uncured resin, and the 4KXD02 specimen contained between 0.49 and 0.717.

These figures are slightly higher than the 0.57 maximum that is usually speci-

fied, but the material was accepted for use.
¢. Mechanical Properties

The tensile, compressive, and shear properties of
SP-8030~96 silica and 4KXD0Z canvas composites were determined at room and
elevated temperatures, using specimens of the design shown in Figure 22. All
room—temperature measurements were conducted on virgin material, and elevated-
temperature measurements were made on material that had been charred at 2750°F

{1783°K) prior to test.
Specimen charring was conducted in a graphite, resistance

furnace in an atmosphere of flowing argon. The basic char cycle consisted of

(1) heating to 1100°F (866.5°K) at the rate of 100°F (56°K) per hour, (2) holding

Ll
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for 1 hour, (3) heating to 2750°F (1783°K) at the rate of 300°F (167°K) per
hour, (4) holding for 4 hours, and (5) furnace cooling in argon. This pro-
cedure yielded satisfactory specimens for the silica— and canvas-phenolic

materials.

For the carbon-silica phenolic, the above char cycle
produced severe distortion and delamination of the test specimens. The cycle
was modified to (1) heating to 750°F (672°K) at the rate of 25°F (14°K) per
hour, (2) holding for 2 hours, (3) heating to 2750°F (1783°K) at the rate of
200°F (111°K) per hour, (4) holding for & hours, and (5) furnace cooling.
This cycle eliminated the distortion, but a high incidence of interply cracks
was still observed. Consequently, all elevated-temperature strength measure-

ments of this material were omitted from the program.
(1) SP-8030-96 Silica Phenolic

The mechanical properties of the SP-8030-96 com~
posite are shown in Table 24. Also listed are the tensile and compressive

2)

properties of material tested in a previous program The values of the two
sets of data are quite close except for tensile modulus. The present results

appear to be low by a factor of 2.
(2) MXSC~195 Carbon-Silica Phenolic

The mechanical properties of the carbon-silica
phenolic are shown in Table 25. Comparative properties are also presented
for two similar composites, 4C 2530 and X-5571. Here again, the correspondence
of the two sets of data is close except for the tensile modulus. The results
with the other, similar composites indicate that if the MXSC-195 had not de-
laminated during charring, the compressive strength would have been upwards of

1760 psi (1213 N/cmz) at 2750°F (1783°K).
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(3) 4KXD02 Canvas Phenolic

The mechanical properties obtained for the 4KXDO2
composite are shown in Table 26. Except for temsile modulus, the results
compare closely with those of the previous program. It should be noted that
the strength at elevated temperature of the charred canvas material was higher

than that of either the charred silica or carbon-silica composites.
d. Physical Properties

The thermal expansion and specific heat specimens were
prepared as cylinders, nominally 0.375 in. (0.95 cm) in dia by 2 to 4 in.
(5.1 to 10.2 cm) long. The specimens representing the direction parallel to
the plies could usually be fabricated in one piece, but those representing the
perpendicular-to-ply direction were made of several stacked pieces. The thermal
conductivity specimens were prepared as discs, nominally 3 in. (7.5 ecm) in dia

by 0.50 in. (1.25 cm) thick.

Thermal comductivity of both virgin and charred specimens
was measured by a steady-state comparative technique that featured one-dimensional
heat flow. In this technique, heat is tramsferred axially through a specimen

and a heat flow meter in series and conductivity is calculated from the relation:

K =g_L___
A (AT)
where: K is the thermal conductivity

q is the heat flow rate
A is the cross-sectional area of specimen in test section.
L is the specimen thickness

AT is the temperature difference across L

The total of potential errors in conductivity measurements

by this technique was determined to be approximately + 8%.
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Linear expansion of the virgin materials was measured in
a standard quartz dilatometer, and expansion of the char was measured in =z
direct-view dilatometer. In the direct-view dilatometer, dilation of the
specimen is measured with telemicroscopes, fitted with filar eyepieces, which
track the movement of fiducial marks on the specimen. The specimen is support-
ed on a platform inside a tube furnace and data are recorded when thermal
equilibrium is achieved. Dilation of 7 x 10—6 in., (17.78 x 10_6 cm) can be
detected by the direct-view technique; the quartz dilatometer has a sensitivity
of 20 x 10°° in. (50.8 x 107° cm).

Specific heat was calculated from enthalpy data messured
in a Bunsen-type ice calorimeter. Briefly, specific heat is the slope of the
curve fitted to the enthalpy data. Accuracy of the calorimeter is checked
frequently through measurements on standard (NBS) aluminum oxide and by abso-

lute heat-input methods. Results are routinely within 17 of absolute.

Physical properties of the silica phenolic composite were
not determined since it was felt that the available data were satisfactory for

use.
(1) MXSC-195 Carbon-Silica Phenolic

The thermal conductivity of the virgin carbon-silica
composite was of the order of 5 Btu/in./hr—ft2—°F (0.008 W—cm/cm2—°C} in the
temperature range from 75 to 500°F (269 to 400°K), and there was only a slight
difference between the values parallel to the plies and those normal to the
plies. The thermal conductivity of the charred composite exhibited more

anisotropicity, the parallel-to~ply values running about four times higher

o
el
than those in the normal-to-ply direction. The thermal conductivity of the

MXSC-195 material is shown in Figure 23.

The specific heat of the MXSC-195 material is shown
in Figure 24 over the range from 75 to 2750°F (30 to 1785°K).
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The thermal expansion of the MXSC-195 material is
shown in Figure 25. 1In the virgin conditiom, the expansion and shrinkage in
the normal-to-ply direction was about ten times that of the parallel-to-ply
direction. The difference in expansion between the two orientations was much

less in the charred material.
(2) 4KRXD02 Canvas Phenolic

The thermal conductivity of the 4KXD02 canvas com-—
posite is shown in Figure 26. There was pronounced anistropy in both the
virgin and charred materials, with the normal-to-ply values running about half

those of the parallel-to-ply values.

The specific heat of the 4KXD02 composite is shown
in Figure 2Z7. Since the canvas is a cellulose product, its specific heat is

higher than that of the MXSC-195 and approaches that of the carbon composites.

The dimensional changes in the 4KXD02 composite are
ghown in Figure 28. In the charred conditilon, there is little difference
between the two fabric orientations that were examined. In the virgin con-
dition, however, the normal-to-ply orientation exhibited a much greater

expansion and shrinkage than the parallel-to-ply direction.

C. TASK I1 ~ NOZZLE AND INSULATION SYSTEM EVALUATION
1. Test Plan
a. Nozzle Material Evaluation

The two low-cost ablative nozzles were subjected to
special inspection procedures prior to installation on the test motors.
These operations were intended to fully document the "as-built" nozzle con-
figuration. The first inspection was in the form of manual measurement and
mapping of the ablative interior surface. These pretest reference dimensions

would be compared with posttest measurements taken in an identical fashion to
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accurately determine the surface material lost during the test. Figure 29
shows this inspection being accomplished on the LCAN-0l nozzle with the use
of a Portage layout gage. It was planned to section the nozzles following
the posttest profile mapping to allow measurement of the char depth and

thermal degraded material.

As an added assurance that valid ablative liner ervosion
data could be obtained, the nozzle assembly was X-rayed before each test.
The thickness of each liner may be accurately determined in this manner using
reference scale-blocks (pentrometers). These X-rays were to be duplicated
following the test if for any reason the posttest profile measurements ware

questionable or unobtainable.
b. Determination of Ablator Thermal Gradient

Four instrumented thermal sensors were fabricated and
installed in the first nozzle. Each sensor assembly used a 0.50-in.~dia
(1.27 cem) plug (machined from a section of the ablative material it was teo
be installed in) as the body of the device. These temperature sensing probes

(2)

were developed by Aerojet on an Air Force sponsored program to measure the
thermal response of the ablative materials. These data were intended to
verify (or provide a basis for modifying) the analytical predictions of the

ablation and charring response of composite materials.

Three of the thermal sensing plugs had four thermo-
couples (two chromel/alumel, and two W-3 rhenium/W-25 rhenium) and 15
eutectic sensors installed; the fourth plug had only three thermeccouples (two
each chromel/alumel, and one each W-3 rhenium/W-25 rhenium). The thermo-
couples were made of very fine wire with a welded junction at the center of
the plug; leadwires were routed normal to the direction of heat flow. This
design provides a very high measurement response rate and increased data
accuracy as heat conduction away from the hot-junction is minimized. The
tungsten-rhenium thermocouples can accurately measure temperatures to approxi-

mately 4200°F (2590°K) and are placed closest to the expected erosion surface;

the chromel-alumel thermocouples are used to measure temperatures to 2400°
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(1590°K) and are positioned adjacent to the maximum expected char penetration

depth.

The eutectic sensors provide a high temperature sensing
capability in excess of the thermocouples. These micro sensors were developed
under contract as described in Reference (5). Each micro sensor comsists of a
0.030~1in.-dia (0.076 cm) by 0.010-in.-thick (0.025 cm) graphite cup (with
cover) filled with a metal-carbon or carbide—~carbon eutectic powder composition
having a well defined melting point. Radiographic examination of the sensors,
before and after the firing, determines whether the transition temperature of

each particular eutectic composition was or was not reached.

A typical thermal sensor assembly is shown in Figure 30
and depicts how the thermocouples and eutectic sensors are installed in the
ablative plug. Each completed plug was bonded into a drilled hole in the
nozzle liner insert with its top face flush with the inside surface of the

ablator.
c. Static Test Firing Procedure
A detailed static test firing plan (Project Directive
No. LCAN-05, Revisions 1 and 2) was prepared which defined the requirements of

each test. The principal features of this test plan are outlined below:

(1) The assembled nozzle-test motors were installed on

a horizontal ballistic test fixture.

‘ (2) The motors were maintained at a temperature of 80
+ 5°F (300 + 258°K) for at least 48 hr prior to the test and until T-2 hr on

the countdown.

(3) Chamber pressure was measured by three transducers

installed on the igniter adapter.

(4) Two channels of axial thrust were recorded.
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(5) Thermocouples were spot-welded to the mctor case
and to the nozzle shell at locations where the maximum heating was expected.
Twenty thermocouples were placed on Motor LCAN-02 as compared to ten on

Motor LCAN-0O1.

(6) The 15 special thermocouples in the four ablative

thermal sensors (LCAN-Ol only) were connected to the data recording system,

(7) A Beckman 210 analog-to-digital conversion (ADC)
unit was the primary data recording system. Data were recorded on magnetic
tape for subsequent computer reduction and plotting. All major parameters

were also recorded on a C.E.C. Model S-119 oscillograph. -

(8) A quench system was provided that was intended to
flush the chamber interior with CO2 shortly after propellant burnout for ex-
tinguishment of residual insulation burning and for chamber cooling.

(9) Motion picture coverage consisted of six high-speed

(200 and 64 fps) cameras operating over the duration of the test.

2. Motor LCAN-0O1 Test Results

The first nozzle test motor was statically test fired on 22
January 1970. The test was conducted at the Aerojet Solid Propulsion Company
P-3 test stand in accordance with the test plan summarized in the preceding
section. The motor is shown just prior to firing in Figure 31. The firing
resulted in a failure of the pressure vessel at T + 5.635 sec because of ab-
normal exposure of the case wall to high temperature gases. Because of the
premature termination of the test, no useful nozzle performance data were
obtained. Discussions of the test results, probable cause of the failure
and conclusions and recommendations formulated are provided in the following

paragraphs.



I11.C. Task IT - Nozzle and Insulation System Evaluation (cont)
a. Test Results

Excellent motion picture documentation and recorded data
were obtained that describe the sequence of events leading to the final failure.
Ignition was normal, and the smooth pressure trace (Figure 32) peaked at 615
psia {424 N/cmz), almost exactly as predicted. At 0.315 sec, an abnormal
pressure rise was measured by the two transducers (Pc—l and PC—Z) mounted on
a common boss at the outer periphery of the igniter adapter (Figure 33). The
pressure recorded by these two sensors increased from 601 psia (414 N/cmz) at
0.315 sec to 890 psia (614 N/cmz) at 0.940 sec, at which time an abrupt drop
occurred, followed by three lesser pressure reductions at 1.60, 2.16 and 3.42
sec. The measured thrust data do not show increases or decreases with pres-
sure, or in fact show any significant response to changes in pressure. Follow-
ing the last pressure drop sensed by Pc—l and -2 (at 3.42 sec), the output of
these transducers and the igniter pressure (Pi) instrument were the same.
Previous to this time, Pi (transmitted through the center of the igniter) did
not sense the sharp pressure increase or drops described above, but continued
to measure a smooth regression as the igniter grain burned out. This sequence
of events was important in the failure analysis, which is described in Section

I1IT.C.2.b.

The recorded chamber pressure was smooth, slightly re-
gressive, and about 25 psi (17.3 N/cmz) below the predicted level from 3.42 sec
until the chamber failed at 5.635 sec. At no time was there any indication of
any significant additional propellant surface burning. Pressure and thrust

data for the full motor duration are plotted im Figure 34.

The high speed movie film clearly portrays the first
chamber burnthrough. This event occurred at about T + 2.3 sec, as determined
from a f£ilm frame count. The initial failure point was located at the forward
equator and at about 20 degrees (0.35 rad) clockwise from the top of the case
(standing aft, looking forward). Flame and exhaust gases continued to jet
from this small hole until the final case failure. The major chamber burn-
through, and subsequent violent rupture, initiated on the lower right hand

side (160 to 170 degrees) (2.79 to 2.97 rad) of the chamber just forward of
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the center radial weld. The film exposure is too dark to discern discolora-
tion of the dark green primer on the chamber prior to the failure; however,
one small area opposite the location of the major burnthrough is seen to be

smoking and an orange glow appears immediately prior to the gross failure.

The nozzle and aft 6 ft (1.83 m) of chamber were the
only motor parts remaining in the test stand (Figure 35). Large sections of
the failed chamber were found in the general test vicinity, some up to 400 ft¢
(121.9 m) away. One fragment showed definite evidence of a high temperature-
type failure, having smooth feathered edges typical of a ductile fracture with
evidence of some flow-induced erosion. This piece was probably from the area
of the major failure and is shown in Figure 36. Note the absence of any

IBT-106 dinsulation on the inside surface of this section.

A1l other large metal pieces evidenced only tearing or
brittle~fracture type edges. Most pieces had patterns of severe primer dis-
coloration or other evidence of high-temperature exposure on the outside of
the case where the major rupture occurred. Very little of the IBT-106 side-
wall insulation remained om any of the recovered fragments. In the few cases

where it did, the primed metal on the opposite surface was not marred.

The forward igniter boss of the motor, with the igniter
adapter still installed, was recovered. The forward section of the adapter
showed evidence of a definite gas-flow pattern, from outboard toward the
center and generally including a 150 degree (2.62 rad) segment centered zbout

the 160 degree (2.79 rad) radial.

Some fairly large segments of IBT-106 insulation were
found in the test bay. All were too severely damaged by the post failure heat
and water exposure to permit useful analysis. Unburned and well-bonded pro-

pellant was found on one piece of insulation.

b. Analysis of the Motor Failure

From analysis of the evidence provided by the recorded

data, movie film, and the recovered motor fragments, the sequence of events
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within the motor leading to the failure can be established. The mechanics of
exactly how the first hot gas locally ignited propellant bonded to the forward
boot or to the chamber insulation is not agbsolutely known. The conclusions
reached and discussed below are based on a knowledge of the as-built motor
configuration and a thorough review of the radiographic film and other NDT

results.

The configuration of the forward section of the motor,
with igniter installed, must be understood to substantiate the failure sequence.
As seen in Figure 33, the igniter is positioned within a Gen-Gard V-44 rubber
sleeve, which is bonded by epoxy adhesive to the IBT-106 forward boot. The
nominal 0.D. of the igniter adapter is 4.680 in. (11.9 cm), and the nominal
1.D. of the V-44 sleeve is 4.650 in. (11.8 cm). This condition of potential
interference is identical to that of the Algol IIA and IIB motor designs, and
actual IIB components were used in this area. By examination, in Figure 33,
of the relationship of the igniter adapter to the boot-release area, the Pc—l
and -2 pressure port, and the sleeve bond joint, one can readily see how the
wvoid in back of the boot can be isolated from the rest of the chamber bore.

Any gases being generated by propellant burning at an abnormal location, any-
where from the boot-release point to the sleeve-bond interface, are essentially
trapped behind the boot because of the limited clearance (or even interference)
between the igniter adapter and the V-44 sleeve. This is the condition that
existed in the motor from 0.315 sec, when Pc—l and -2 first indicated the
abrupt pressure rise, until 0.940 sec, when erosion or burnthrough of igniter

components first relieved this localized pressure.

The most logical location to suspect the first hot-gas
penetration to the propellant surface is through undetected defects in the
adhesive bond line between the V-44 sleeve and the forward boot. However,
results of X-~ray and visual inspection do not reveal this to be a suspect area.
The boot itself is known to have been greater than design thickness, and no
evidence of wvoids or internal discrepancies that could present a gas—-path were

discovered in either the precast or postcast X-rays.

(921
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When the pressure behind the boot had increased to its
maximum level of 890 psia (614 N/cmz) at 0.94 sec, a pressure differential of
about 310 psi (214 N/cmz) existed at the chamber equator, or end of the hoot
release surface. The resulting aftward force, which tended to further open
the boot separation, was probably sufficient to cause propagation of the
release line until the pressure found or opened a path to the propeilant sur-~
face at or near the first-observed case burnthrough in the upper, forward-
equator area. Ignition of a small, localized, and confined propellant surface
would tend to produce a torching effect, quickly burning through the insulation

and case wall.

The same mechanism, a substantial pressure differential
and a gas path to the case wall, was responsible for the gross failure experi-
enced at 5.635 sec. At the area where the chamber eventually burned-through
and rupture initiated, (a significant distance down the case from the original
burnthrough), propellant again must have been ignited and the resulting failure
was inevitable. Most likely, this ignition occurred at a location where the
insulation fractured because of high bond-strength areas existing adjacent to

those of lesser quality.

Because little insulation was found on any of the chamber
fragments and because of the nature of the midchamber overheating condition, a
poor steel-to-primer (Fuller 162-Y-22) bond, or cohesive failure within the
primer itself, is the most probable contributor to the progressive mode of
failure. Small pieces of the IBT-106 material still bonded to the steel case
could be pulled off without too much difficulty, and the primer would generally
come off with it, still adhering to the insulation. An investigation of data
concerning prior use of the Fuller primer revealed that during the Z605L-3
nozzle fabrication process, inconsistent and sometimes very low peel and shear
strengths resulted for test specimens prepared at different times or from
different lots of primer. For this reason, the Fuller primer was not used to
protect the inner surface of the SL-3 nozzle shell. In the Algol test motor
application, under normal operation conditions, there is no loading mechanism
causing a stress at the bond interface. Therefore, selection of the primer was

not based on a requirement for exceptional adhesive qualities.

L
Ln



T1T.C. Task II - Nozzle and Insulation System Evaluation (cont)

It is concluded that the 310 psi (216 N/cmz) differential
pressure across the grain found a path to the chamber wall in the area of the
equator and rapldly peeled the insulation away from the case. In effect, a
condition approaching a free-standing grain existed over a large portion of

the motor just prior to failure.

In an attempt to determine whether a gross bonding in-
adequacy existed within the steel/primer/IBT-106 interface, several double-
plate-tensile (DPT) and shear specimens were prepared. Primer from the actual

lot of 162-Y-22 material used in the motor was brushed on 2 x 2 in. (5.1 x

Lt

.1 cm} test plates and cured prior to IBT-106 application. Motor processing
procedures were followed except where the surfaces were deliberately contami-
nated or the primer put on in an excessive (4X) thickness. The results

{Table 27) show a minimum bond strength of 371 psi (256 N/cmz) with nearly all
failures occurring within the IBT-106. Some primer came off with the IBT on
selected samples, but not to the extent that might have been expected, based

on the appearance of the chamber fragments., The 0.10-in.-thick (0.25 cm) steel
test plates bent on all tensile samples prior to final separation of the two
halves of the specimen, attesting to the strength of the bond and probably con-
tributing to premature failure of the samples. Unfortunately, there is no
convenient laboratory method of realistically duplicating the peel-type failure
or of characterizing the peel strength of the primer-case bond. In summary, a
potential motor processing technique which could have resulted in poor insula-

tion bond strength could not be duplicated in the laboratory.
c. Significance of the Failure

Even though the nozzle was recovered intact, and essen-
tially undamaged, no valid ablative performance data were obtained. The
extended and severe heat soak caused by residual propellant burning in the
aft section of the motor produced charring in the ablatives that is inconsis-

tent with any service condition and is undefinable.

The failure of Motor LCAN-0l raised questions concerning

the condition of the second motor, which was processed in an identical fashion.
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To eliminate the chance of an insulation or boot defect initiating another
malfunction, several modifications were proposed and accomplished with the
approval of the NASA~LeRc program manager. A decision was also made to rebuild
the second nozzle to permit evaluation of the carbon~silica throat and entrance

section. These changes were discussed in Section III.B.3.d.

3. Motor LCAN-02 Test Results

a. Summary of Test Results

The second nozzle evaluation motor (LCAN-02) was stati-
cally test fired on 2 July 1970. Motor performance was normal for the first
28.6 sec of operation. A burnthrough on the nozzle entrance section occcurred
at this time, and the throat-and-exit cone assembly was ejected near the end
of the tailoff phase. Sufficient data were obtained to allow evaluation of
the materials under consideration and the accomplishment of most test objec~

tives.

Performance of the propellant grain/insulation system
was satisfactory, demonstrating the potential of the trowelable insulation and

boot concept.

The nozzle failure was the result of an abnormally high
material loss rate in the carbon-silica phenolic entrance section at the area
of maximum exhaust stream impingement (in line with the grain valleys). The
average erosion at the nozzle throat was essentially as predicted, as evidenced
by recovered throat fragments and the results of a computer calculation of
throat area based on measured chamber pressure and thrust. Performance of the
silica~ and canvas duck-phenolic exit cone liner was very satisfactory. Eros-—
ion and char rates were obtained from the recovered and relatively undamaged

sections of this assembly.

Despite the four burnthrough areas forward of the nczzle

throat section, the remainder of the nozzle and exit cone assembly remained

attached to the structural shell until 45.8 sec, well into the tailoff portion

w
d
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of the firing. The actual time of separation was established by a disturbance
seen in the thrust trace and was confirmed by review of the movie film. The

2 . ,
chamber pressure was about 90 psig (62 N/cm™) at the time of nozzle separation.

Several hot spots on the case, notably at 90 and 270
degrees (1.57 and 4.71 rad) (0 degree being at the top) and génerally in the
aft 1/4 portion of the motor, appeared during the posttest heat-soak period.
The nozzle malfunction rendered the quench system inoperable so that no post-

test internal cooling was achieved as programed.
b. Discussion of the Test Results
(1) 1Ignitiom

Ignition was smooth and nearly identical to both
the predicted pressure~time trace and the ignition transient of Motor LCAN-01.

A maximum pressure of 616 psia (425 N/cmz) was recorded at 0.280 sec.
(2) Motor Performance

Ballistic performance of the motor during the first
28.6 sec was normal, although the chamber pressure during the initial portion
of the test was lower than expected. This is the result of the erosive burn-
ing effect, as programed in the ballistic prediction analysis, not being as
severe or prevailing as long as anticipated. Otherwise, performance was
smooth and essentially as predicted. For example, at T + 28 sec, just prior
to the nozzle burnthrough, the predicted pressure and thrust were 525 psia
(362 Nﬁcmz) and 107,685 1bf (479 KN), respectively; measured values were 520
psia (358 Nfcmz) and 107,928 1bf (485 KN). There was no evidence of any
anomaily in the grain-insulation-boot system as was experienced on the first
motor test, verifying the adequacy of the rework performed. The pressure- and

thrust-vs—time plots are shown in Figure 37.

At approximately T + 28.6 sec the first burnthrough

of the nozzle occurred just forward of the throat insert at the 180 degree
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(3.14 rad) position (bottom of the nozzle). This initial failure was almost
immediately followed by similar burnthroughs at the other three locations in
line with valleys of the propellant grain at 0, 90, and 270 degrees (0, 1.57,
and 4.71 rad). The average chamber pressure over the duration prior to failure
was 522.5 psia (360 N/cmz). Web burnout occurred at T + 38.4 sec, slightly

less than the desired 40 sec. Ballistic performance data are summarized in

Table 28.
(3) Nozzle Material Evaluation

The photograph shown in Figure 38 documents the
nature of the nozzle failure. The orientation of the nozzle relative to the
valleys of the propellant grain is obvious and is a major cause contributing

to the burnthrough.
(a) Exit Come

The entire exit cone was recovered in three
major pieces and was in very good condition considering the thermal and
dynamic environments to which it was exposed. The erosion of the MX-2600-96
silica and the 4KXDO2 canvas-phenolic flame liner was less than predicted with
little evidence of local high loss rates (or gouging). No delaminations were
present. The silica forward insulator blended smoothly into the canvas section
indicating a common loss rate at this interface. The exit cone was sectioned
at two longitudinal locations, 45 degrees apart (0.79 rad), and measurements
were taken of the remaining virgin material and char depth. Because of the
charring of the exit cone exterior surface, the overwrap interior interface

was used as the reference in determining the remaining material thickness.

The measured exit cone performance data,
including total material loss, char depth and regression rate are presented
in Table 29. The total time the exit cone was attached to the motor (45.8 sec)
was the duration used to arrive at the basic loss rate. There was no appreciable
difference between measurements made at the same axial station but 45 degrees

apart. A more conservative loss rate, which assumes that all material loss
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occurred during web time (38.4 sec) is also included for comparison. These
erosion rates are plotted vs area ratic along with data from other programs
in Figure 39. No. attempt was made to adjust the data for differences in

motor operating pressure or nozzle size.

A heavy, uniform, and rather fragile char was
formed on the interior of the canvas portion of the exit cone. This char
could be easily displaced from the surface. The sectioned exit cone is shown

in Figure 40.
(b) Nozzle Throat

The actual erosion and char depth at one loca-
tion on the MXSC-195 carbon-silica nozzle throat insert was determined from
fragments recovered after the test. The recovered pieces (Figure 41) were
sectioned, and the remaining material thickness and char depth determined.

As seen on the nozzle performance data summary (Table 29), a surface regression
of 0.39 in. (0.99 cm) at the throat plane occurred on this part, Only one
fragment that could be identified as representing a complete section through

the throat was found, all others being from random sections of the insert.

Most pieces show evidence of severe localized erosion and gouging on the forward
surface, indicating that little protection was provided by the entrance insert

at locations in line with the grain valleys.

The 0.39-in. (0.99 cm) material loss measured
on the section discussed above most probably represents the best performing
portion of the throat insert, probably in line with a grain ray, such as at 45
degrees (0.79 rad). 1t dis difficult to arrive at an accurate material loss
rate because of the change in flow conditions that occurred subsequent to burn-
through (28.6 sec). However, the throat was exposed to the exhaust gases until
nozzle separation at 45.8 sec. Using this duration to determine the erosion on
the recovered throat fragment results in a loss rate of 8.5 mils/sec (0.022
cem/sec), which is well below the predicted overall average rate of 11.7 mils/sec
(0.030 cm/sec). A more realistic approach is to use the web-duration (38.33 sec),

which results in 10.2 mils/sec (0.026 cm/sec). It must be remembered, however,
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that a substantial amount of the exhaust products were exiting forward of the
throat for nearly 10 sec prior to web burnout. The average pressure over this
period was 499 psia (344 N/cmz), essentially the same value as was used in the
thermal analysis of the nozzle. It is logical to expect that higher erosion

was experienced in areas in line with the propellant grain valleys.

A computer analysis, which calculates throat
area vs time based upon the measured chamber pressure and thrust was conducted
for the portion of the test prior to nozzle burnthrough. A nozzle efficiency
constant (Kf) of 0.97 was assumed for this analysis. The results indicate that
the material loss at the throat was essentially as predicted. The calculated
increase in throat area at 28 sec was 14.2 sq in. (36.1 sq cm), or an average
surface loss of 0.345 in. (0.88 cm). This represents a loss rate of 12.3
mils/sec (0.031 cm/sec) as compared to the 12.7 mils/sec (0.032 cm/sec) pre-

dicted over this duration.
(¢) Entrance Section

The MXSC-195 carbon-silica portion of the
entrance insert was the location of the nozzle fajlure. A very high, localized
material loss rate at the four positions coincident with the grain valleys,
where maximum gas flow and impingement occurs, was the cause of the failure.

A nonstreamlined or turbulent flow condition, caused by uneven erosion of the
IBT-100 or silica insulators ahead of the carbon silica may have aggravated

this already severe flow condition. The motion pictures show the first burn-
through occurring adjacent to the 180 degree (3.14 rad) (bottom) position near
the upstream 2:1 area ratio. Failure at the other three radial locations of

the entrance section in line with grain valleys came shortly after the initial
event. At two locations on the entrance shell, where the grain rays provided
protection from direct impingement, full-length sections of the entrance insert
remained in place for the entire firimg duration and were available for analysis.
A section taken from the location of the initial burnthrough, about 200 degrees

(3.45 rad), is shown in-Figure 42.

At the projected point of failure, a surface

regression rate of about 53 mils/sec (0.135 cm/sec) would have been experienced

61



I17.C. Task II - Nozzle and Insulation System Evaluation (cont)

for the failure to have occurred when it did. This rate is nearly five times
as great as was expected and no previous industry-wide experience with carbon-
silica phenolic composites has resulted in comparable performance. There were
no known fabrication deficiencies in the part, and the demsity of the cured

material met specification requirements.

It is apparent that some mechanism other than
those normally present, and considered in the Aerojet Charring Material Abla-
tion computer program, was the reason for the abnormally high loss rate.

Direct impingement of the high velocity exhaust gases coincident with the

grain valleys can cause radial as well as axial flow conditions, with result-
ant turbulence and localized high impact pressure conditions where the exhaust
stream reattaches to the nozzle entrance surface. Nonsymmetrical or severe
erosion of the IBT-100 or silica insulation forward of the carbon silica would
aggravate this condition and could result in a gas flow parallel to the ply
orientation of the carbon-silica entrance insert. This effect could cause
progressive peeling or delamination of the plies. A tendency of the carbon
gsilica to delaminate during charring was observed during the material evaluation
program conducted by the Battelle Memorial Institute. Most fragments of the
throat insert exhibited a forward face that was broken parallel to the plies
and showed some evidence of gas flow on the exposed forward surface which lends

credence to this theory.

Some portion of the silica-phenolic forward
insulator remained at all stations forward of the failure points, thus elimin-
ating this section as the source of the failure, as was initially suspected.
The IBT~100 trowelable insulation performed well, with a substantial thickness
of virgin material remaining. A very heavy, loose char completely covered this
portion of the entrance section. The posttest nozzle insulation profile at 45

and 200 degrees (0.79 and 3.49 rad) is shown in Figure 43.

1 Investigation of Carbon-Silica
Char Strength

In an attempt to ascertain the reasons for

the excessively high erosion rate of the MXSC-195 carbon silica phenclic in the
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entrance section of nozzle No. 2, specimens cut from the test ring of the
parent billet were charred and subjected to compression tests. A section of
an MXSC-195 throat billet from another program (Low Cost Fabrication Techniques}

was also tested to provide data for comparison.

The samples of material were enclosed in
a metal retort and heated in an atmosphere of flowing argon to a temperature
of 1500°F (1090 °K) for 1 hour and then cooled in argon. After charring, the
samples were examined visually. While no actual cracks or separaticns were
observed, the char did not have the uniform, tightly knit appearance of a
normal, dense composite char. Both ring and throat samples were similar in
appearance after charring. A sample typical of the charred LCAN nozzle

entrance material is shown in Figure 44.

Compression specimens, 1/4 x 1/4 x 1/2 in.
(0.64 x 0.64 x 1.27 cm) were machined from the charred materials and tested to
destruction. The results are shown in Table 30. The average compressive
strength of the ring specimens was 2020 psi (1393 N/cmz), and that of the
throat specimens was 1946 psi (1342 N/cmz). The average compressive stren
of the charred material at room temperature compares favorably with that o
charred carbon and silica specimens, 2500 psi (1725 N/cmz) for MX-4926 and
1800 psi (1240 N/cmz) for FM-5131. The range of values is much greater than
has been observed previously, however, and the minimum values are so low as to
indicate that some material or processing discrepancies were present. Since
the samples for testing were taken from parts fabricated by two different

sources, the material is the most likely offender.

As part of the Task I effort, nozzle
materials were characterized with regard to physical and mechanical properties.
It was not possible to measure the elevated-temperature strength of MXS5C~195

specimens because they delaminated during charring.

AVCERAM reinforcements were used in
(2

L
3

entrance sections of nozzles for the Air Force Low Cost (NOMAD) Nozzle Program

as well as in the throat inserts. WB-8251, 4C 2530, and X~5571 pre~pregs,
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supplied by Western Backing, Coast Mfg. and Supply Co., and U. S. Polymeric
Corp., respectively, were used in that program. The performance of the mater-
ials was uniformly acceptable. The elevated-temperature compression strength
of one of the charred composites (X~5571) was on the order of 6000 psi (4140
N/em?) at 2500°F (1647°K).

In view of the information noted above,
conclusion is made that the excessive erosion rate observed in the MXSC-195
was most probably caused by a lack of mechanical strength in the charred com—

posite.

2 Comparison of Production Algol and
LCAN Motor Conditions

The production Algol II-A and IT-B nozzles
also show, to a lesser degree, the effects of exhaust impingement due to the
erain configuration. The nozzle entrance section on these motors is fabricated
from a high-silica-content glass laminate (Refrasil) with the approach to the
graphite throat inclined at 55 degrees (.94 rad) to the gas stream. Early tests
resulted in higher thanm expected erosion of this section. A subsequent reor-
ientation of the wrap angle from perpendicular-to—center line to perpendicular-
to-gas flow was accomplished that reduced the erosion to an acceptable value.

A comparison of motor and nozzle conditions between the Algol II-B and the
LCAN-02Z motor is shown in Table 31. The higher solids loading of the ANB-3347
propellant and the higher gas velocity at the end of the LCAN grain both con-—
tribute to a more severe enviromment in the LCAN motor. 1In addition, the graph-
ite throat insert of the Algol motor extends outboard of the inner diameter of
the grain wvalley, thus it receives the direct exhaust impingement during the

initial portion of motor operation, when flow conditions are the worst.
(4) Chamber Internal Insulation System
The areas of chamber overheating were correlated with

sections of rhe insulation that were of less than design thickness, generally

about C.10 in. (0.25 cm), or are associated with small voids or gaps between
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adjoining passes of the sidewall insulation dispenser. The individual discrep-
ant areas were concealed from visual detection during the processing by a thin
surface covering of IBT-106. When detected by ultrasonic or X-ray inspection,

they were repaired.

X~ray inspection of the insulated case sidewazll
section was not extensive enough to reveal all the areas that had less than
the desired thickness. Ultrasonic inspection was intended as the primary
method of detecting flaws within the sidewall insulation, but material thick~
ness cannot be determined by this technique. In-process physical measurements
("tooth-pick' gage) were made periodically during application of the insulation
to verify correct positioning of the dispenser blade. Apparently the occasional
slippage of the motor on the turning rollers resulted in thin areas not discern-
able by visual inspection and only discovered during the posttest review of the

loaded-motor X~-ray film.

For a normal duration tailoff, a 0.10 in. (0.25 cm)
thickness of insulation would provide adequate protection for the case. How-
ever, on this test the exposure period at the more critical locations (at the
grain valleys in the aft section) was at least 22 sec and no internal quench
or cooling was actuated for about 8 to 10 min after web burnout. The most
severe area of case heating was first detected at about the time of nozzle
ejection (V46 sec) and was located on the aft 5 ft (1.27 m) of the case at the
90 degree (1.57 rad) position. The case was deformed adjacent to weld No. 7,
precluding its reuse as a pressure vessel. The original insulation thickness
at this location was about 0.10 in. (0.25 cm) and obviously not detected by
pretest radiographic inspection. Unfortunately, none of the 16 case thermo-
couples was at an area of maximum heating, thus indicating near-ambient temper-
atures throughout the firing. Thermocouple No. TCC-080-289 was adjacent to a
small hot spot at the forward end of the chamber and did sense a maximum temper-
ature of about 350°F (450°K) as shown in Figure 45. TFigure 46 shows the post-

test condition of the case.

A thick, dirregular and very flaky char similar to

that noted in previous small-motor tests, covered all the remaining internal

$3
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insulation. The interior of the chamber steel wall was exposed in large areas
where the most severe hot spots were located. These areas are all in grain
valley locations, generally at 90 and 270 degrees (1.57 and 4.51 rad). A
small portion of the aft boot, charred completely through, remained in the
chamber along with some of the MK-599 potting material. No forward boot
material remained. Both the forward- and aft-head insulation were in very

good condition with a substantial thickness of virgin material remaining.

A tabulation of the actual amount of insulation
remaining at selected stations within the chamber and the original material

thickness at these locations is presented in Figure . 47.

Sidewall insulation erosion from Stations A through
L (see Figure 47) ranged from 0.018 to 0.29 in. (0.046 to 0.74 cm). The expected
thickness loss in this area was 0.072 in. (0.18 cm). Because of the longer
tailoff and after-burn, the expected thickness loss could be as high as 0.16 in,
(0.41 cm). At the area of the largest hot spot (Station L) the initial insula-
tion thickness was 0.075 in. (0.19 cm) as measured from radiographic negatives.
Motion picture coverage shows the first indication of case heating at this
location at about 46 sec. Since web burnout occurred at 38.4 sec, the exposure
time for this area was approximately 8.6 sec, resulting in a thickness loss

rate of about 0.009 in./sec (0.023 cm/sec), or three times greater than the

expected rate of 0.003 in./sec (0.008 cm/sec).

This excessive rate can be accounted for in part by
the fact that subsequent to web burnout the nozzle effective throat area was
continucusly and rapidly increasing, thus reducing the motor port-to-throat
ratio, This in turn resulted in an increase in the gas velocity over the aft
section of the case. After nozzle ejection at 45.8 sec the gas velocity was
estimated to be about Mach 0.15. This condition imposes a severe enviromment
on the IBT~106 insulation. This material is not intended to be used in areas
where any significant erosion or gas velocity is expected; IBT-100 is normally

used in such locations.
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c. Conclusions Based Upon Test Results

(1) The test is considered a success in that valid per-
formance data were obtained on the low-cost ablative nozzle materials of

principal interest for full-scale motor application.

(2) Performance and processability of the canvas duck-
phenolic (4KXD02) and heavy-weight silica~phenolic (MX-2600-96) materials were

very satisfactory. The erosion rates of these materials were less than expected.

(3) Carbon~silica phenolic (MXSC-195) was found to pro-
vide poor performance in regions of high exhaust stream impingement and dis-
turbed flow. The failure of the carbon-silica entrance insert is attributed
to an extremely high loss rate resulting from poor mechanical properties,

particularly interlaminar shear strength, of the charred composite.

(4) Performance of the trowelable chamber insulation
system was satisfactory over the action time duration. The chamber hot-spots
that occurred near the end of tailoff and during the extended heat-socak period
were the result of undetected defects in the insulation and the abnormal

thermal environment experienced.

(5) The quality of the IBT insulation system is directly
dependent upon the degree of tooling sophistication. The processing methods
utilized were demonstrated to be satisfactory and applicable to 260-FL class

motors.

D. TASK IITI ~ FULL SCALE NOZZLE DESIGN AND FABRICATION PLANNING

1. Evaluation of High Nozzle Throat Erosion Rates on
Motor Performance and Cost

An important consideration in the design or planning stages of
a low-cost full-scale nozzle is whether an actual overall motor cost savings is

achieved when the lower-cost, yet poorer-performing ablative materials are
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incorporated in the nozzle throat. As the throat area increases, the thrust
coefficient decreases with a corresponding loss in total impulse. To maintain
the same mission capability as with a baseline case, additional propellant (and
inert materials) must be added to the motor. This additional motor cost must
then be compared with the savings realized through the use of the low-cost

ablative materials to determine the net savings (or loss) achieved.

Considering the above, a study was made of the effects of high
nozzle~throat erosion rates on 260-in.-dia (6.6 m) motor performance. The full~
length 260~in.-dia (6.6 m) motor defined in Reference (6) was used as the basis
for this evaluation. The ballistic performance of this motor was calculated
using assumed nozzle throat erosion rates of 10, 15, 20, and 25 mil/sec (0.025,
0.038, 0.051, and 0.063 cm/sec). The payload capabilities of 260/SIVB vehicles
with these wvarious first-stage nozzle erosion rates were then determined for
comparison with the payload delivered by the baseline vehicle with a 6 mil/sec

(0.015 cm/sec) nozzle erosion rate.

The effect of the nozzle throat erosion rate on the payload
capability of 260/SIVB vehicles launched from the Eastern Test Range into 105
nautical mile (195 Km) circular orbit is shown in Table 32. The vehicle pay-
load decreases with increasing nozzle throat erosion rate. The 25 mil/sec
{(0.063 cm/sec) erosion rate results in a 5% payload loss, as compared with the
baseline 6 mil/sec (0.015 cm/sec) erosion rate. The effect of the throat
erosion rate on 260~FL motor thrust performance is shown in Figure 48. The
25 mil/sec (0.063 cm/sec) erosion rate results in reduced total impulse and
extended burning duration compared with the baseline performance. This,
together with the increased weight of the high erosion rate nozzle causes the

reduction in calculated payload.

A study was made of the propellant grain design modifications

that could be made to compensate for high nozzle throat erosion rates. It was

h

ound that a 20 in. (51 cm) reduction in the length of the finned section and

o

n equal increase in the length of the cylindrical section of the full-length
motoy grain, combined with a 2% increase in propellant burning rate (0.606 to

2
0.618 in./sec at 600 psia) (1.54 to 1.57 cm/sec at 413 N/em"), provides the
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same peak thrust and burning duration with a 25 mil/sec (0.063 cm/sec) erosion
rate as is obtained in the baseline design with a 6 mil/sec (0.015 cm/sec)
erosion rate. The thrust performance of this modified version is also shown
in Figure 48. Evaluation of the payload capability of a 260/SIVB vehicle with
this modified first stage indicates that the payload loss is about 237 less
than with the unmodified grain design at the highest erosion rate. Similar

improvements can be achieved at the intermediate erosion rates.

The trajectory analysis used to obtain the payload comparisons
also provides exchange ratios as part of its output. The exchange ratios re-
lating change in burnout velocity to change in first stage inert materials,
first stage propellant, and vehicle payload were used to establish the increase
in first stage weight required to achieve the baseline vehicle payload with the
higher nozzle erosion rates. It was assumed that the motor size increase would
not affect the propellant mass fraction. The resulting weight increases,
together with the estimated corresponding cost increases are shown in Table 33,
The cost values provide a basis for evaluating the economics of high-erosion
rate nozzle materials. The savings realized through use of low-cost ablative

nozzle materials must exceed the cost of the necessary motor size increase.

To further define the cost advantages of using the lower cost
materials in a 260-FL nozzle, a study was conducted using four different nozzle
configurations. Actual current material costs were obtained for 1000 1b (454 kg)
lots from the principal suppliers of the materials considered. Previous work
has shown that the difference in fabrication costs from one material to another

in a large nozzle is not significant and was not considered in this study.

The baseline nozzle was a standard carbon and silica design,
similar to that of the 260-SL-3 nozzle originally prepared for a low-cost study
conducted under Contract NAS7-513. The Alternative No. 1 nozzle was defined
during the same study and incorporated carbon-silica and canvas-phenolic mater-
ials to replace the higher-priced carbon and silica of the baseline design.
Alternative No. 2 was a silica and canvas design, whereas Alternative No. 3
combined a carbon throat with lower cost materials in the other liner inserts.

The component weights previously determined for the baseline and Alternative No. 1
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designs were adjusted for differences in the density and thickness requirements
of Alternatives No. 2 and 3. Table 34 summarizes the material costs for these
four nozzles, and compares the apparent savings with the added motor cost
required to provide the same payload capability as the baseline design. A

plot of additional motor cost vs nozzle erosion rate is shown in Figure 49.
These data were the output of the trajectory and performance analysis discussed

in the preceding paragraphs.

Examination of Table 34 shows that if the silica-throat
erosion in a 260-FL motor is as predicted, no significant cost advantage in
its use would be realized. The use of a carbon-silica throat, however, would
result in a net saving of 879,200. A nozzle such as Alternative No. 3, incor-
porating a carbon throat and with maximum use of the lower cost materials in
other areas, is by far the most economical design. This conclusion and the

results of the LCAN-02 test firing are the most significant influencing factors

in the material selections and design of the low-cost full-scale nozzle.

2. Design Criteria

The full-scale, low-cost nozzle design is based on the 260-FL
notor defined in the Douglas 260/SIVB studyg6) The motor contained 3.4 million
b (1.54 = 106 kg) of propellant and its operating characteristics are summarized

below:

Action Time 147.5 sec

MEOQP 764 psia (526 N/cmz)
Average Thrust, web 6.34 x 106 1bf (28.2 MN)
Flame Temperature 5742°F (at 1000 psia)

3440°K (at 690 N/cm?)

These criteria meet or exceed the reference parameters established in Exhibit

VA" to the Contract NAS3-12038 Work Statement.

The exhaust gas composition of ANB-3374 (the HTPB propellant

that is expected to be used in any future large solid booster) is given in
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Table 35. These data, along with the pressure-time curve shown in Figure 50,

were used as input data for the ablative performance analysis program.

The nozzle is designed to permit a + 2 degree (0.035 rad) TVC
capability, at a rate of 3 degrees/sec (0.052 rad/sec) by incorporating the

%
flexible seal assembly designed under Contract NAS3-12049.

A primary design requirement was the use of resin-impregnated
fabrics, which are less expensive than the conventional carbon and silica com-
posites used in all large solid booster nozzles fabricated to date. These mater-
ials must also have been evaluated to the extent and at a scale adequate to pro-
vide assurance of success on the 260-FL motor nozzle. Fabrication of the ablative
liners by proven tape wrapping and pressure/heating cure processes was a further
requirement. The design and nozzlé processing sequence have been established with
a goal of providing an economical manufacturing plan, within the state-of-the-art,

while maintaining a high product reliability.

The initial thicknesses of the ablative liner were established
using a minimum safety factor of 1.50 over and above the expected surface material
loss and char penetration. The location of the 100°F (312°K) isotherm further
defined the total ablator thickness, with the criteria that the overwrap inner
surface does not exceed this temperature. The design safety factor at the nose
was increased to 2.0, where analysis is complicated, and reduced to 1.25 in the

aft exit cone section, where material loss is minimal and easily defined.

Structural members were designed to prevent strain in the plas-
tic parts from exceeding 0.25%. A safety factor of at least 1.25 was also

imposed on the minimum allowable material properties.

3. Other Factors Affecting the Design

In addition to the basic objective of using lower cost mater-
ials in the nozzle assembly,,several other important factors must be considered
that affect the overall cost and performance of the nozzle or full-scale motor.

These are discussed below:

*Design, Fabrication, and Test of Omnidirectional Flexible Seals for Thrust
Vector Control of Large Solid Rocket Motors (Contract NAS3-12049; Aerojet
Solid Propulsion Company, from Lewis Research Center).’
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a. .Effect of Throat Erosion Rate on Motor Performance

Trade studies of motor performance vs throat erosion rate
were conducted to determine the actual cost differential achieved when throat
surface regression rates of up to 0.025 in./sec (0.064 cm/sec) were experienced.
The cost savings gained by the use of low cost ablative materials were compared
to the cost of the additional propellant and inert motor components required to
produce the same performance as the baseline motor with a throat erosion rate
of 0.006 in./sec (0.015 cm/sec). The conclusion, as discussed in Section
ITI.D.1, is that the greatest potential for cost savings is realized when
carbon phenolic (or an equivalent material) is used in the throat and the low

cost materials are incorporated elsewhere in the nozzle and exit cone assembly.

bi. Material Selection and Qualification

The practice followed on previous 260-SL nozzle designs
of specifying a single manufacturer's product (pre-preg carbon or silica) has
resulted in artificially inflating the price paid for these raw materials. A
more desirable practice, and one which allows more competitive pricing, is the
establishment of a qualified products listing (QPL) for each material that is
considered essentially equivalent in performance and processability. Therefore,
for the full-scale nozzle design three or more acceptable alternatives are list-

ed for each generic material.

G Facility and Equipment Limitations

The availability of existing equipment and facilities for
the wrapping, machining, and curing of very large nozzle components influences
the design and limits the number of competing fabricators. Both of these
factors have an impact on the overall cost of the end product. On a large
production order, to reduce the costs of a new facility, it may be desirable
to enable more than one qualified fabricator to participate in the nozzle manu-
facture. To accomplish this objective, the maximum outer diameter (OD) of most
parts must be limited to 130 in. (3.3 m). This results in a variation from

some accepted design practices in the nozzle nose and submerged sections where

2
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a minimum area ratio of about 2:1 at the nose is considered desirable and has

proven to be satisfactory with 260-SL motors. Reducing the OD in this area to
be compatible with process equipment limitations will expose the nose to a more
severe environment; however, insert thicknesses may be increased accordingly at

comparatively little additional cost.

Initially, a three piece exit cone was proposed. This
was done primarily to allow more fabricators to be considered for supplying
the forward section, which was compatible with the 130-in.-dia (3.3 m) limita-
tion of most existing wrapping and curing facilities. This concept, however,
did not result in the greatest overall savings. With a two piece design,
additional cost savings (less tooling, processing time, etc.) resulted that
overshadowed the advantages of the three-piece unit. The forward section of
the resulting two-piece configuration may still be wrapped and cured in exist-
ing facilities, and the aft section of either design necessitates the same new

facilities and presents the same logistical problems.
d. Confidence in Nozzle Performance

Very little actual performance data exist for some of the
low cost materials that would appear to be attractive for use in 260-size
nozzles. Available data are generally from subscale test firings (Dt = & in.
(20.7 cm) or less) where nozzle configuration, grain geometry, or propellant
exhaust composition varies from a typical 260 motor condition to the extent
that little performance correlation may be expected. A conservative philosophy
was followed in the design of the low cost full-scale nozzle; medium risk or
high risk materials were not considered, despite the apparent possibility of

cost savings.

Task II test results from the LCAN-02 firing demonstrated
the poor performance of carbon-silica in the nozzle entrance section (although
gas thermal dynamic conditions were more severe than would be present in the
260-FL motor), the area where this material had potential for cost-effectiveness.
As a result of the LCAN-02 test, the full-scale nozzle will incorporate carbon

phenolic in this region; the cost will be greater, but maximum confidence in

i
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successful operation and the ability to predict ablative performance will be

gained.

The LCAN-02 test also provided additional data confirm-
ing the desirability of canvas duck and the heavyweight silica-phenolic mater-
ials in the less severe environments of the nozzle and exit cone. The better-
than—expected performance of canvas in the exit cone and its excellent process-—
ing qualities enable its use in the 260-FL nozzle design without reservations
and at a considerable material savings over the conventional silica material

normally specified.

4, Design Description

a. Nozzle

The full-scale nozzle design is shown in Figure 51. The
nozzle is of the submerged type, having a throat diameter of 89.1 in. (2.26 m).
The nose and approach section have a 3:2 elliptical shape, with the major axis
equal to 75% of the throat radius and the leading edge being at an area ratio
of 1.81:1., This configuration provides a streamlined gas flow transition into
the throat area and has been shown by analysis and test results to be a very
gsatisfactory design. The flexseal will permit a minimum of + 2 degrees (0.035
rad) nozzle deflection for TVC. The seal assembly incorporated in this nozzle
was designed, structurally analyzed, fabricated, and tested under Contract

NAS3-12049.

Carbon phenolic pre-preg materials having a minimum car-
bon assay of 927 and a phenolic or polyphenylene resin solid content of from
31 to 37% will be used as the basic ablative material in the nozzle. The aft
portion of the submerged liner and all insert overwrap insulation will be made
of canvas duck phenolic. The reinforcement pre-preg will consist of 8-oz

double-£fill cotton duck with a 38 to 447 phenolic resin solids content.

The nozzle shell and throat support structural components

will be made from HY-150 steel. Roll-formed and welded assemblies will be
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utilized as a cost reducing fabrication method with the thicker flange sections

and the forward portion of the throat support machined from ring-rolled forgings.

A brief description of each ablative component is given

in the following paragraphs:
(1) Nozzle Shell Insulation

The nozzle shell thermal protection comsists of an
inboard canvas duck phenolic section with IBT-100 trowelable insulation on the
less critical outboard area. The canvas piece is wrapped of bias tape at an
80 degree (1.40 rad) to center line orientation. The cured and machined insert
would be bonded into the HY-150 steel shell with an ambient curing epoxy adhes-
ive. The IBT-100 would be mixed and applied at the motor éssembly site.

(2) Submerged Insert

This component provides protection for the flexseal
and the submerged backside of the throat support structure. It is a twe mater-
ial composite, having a canvas duck phenolic aft insulator cantilevered from
the steel shell to a position adjacent to the aft closure canvas insulation
where it protects the seal from the thermal radiation of combustion gases.

The forward portion of the piece is made from carbon-phenolic and extends to
the nose cap at a diameter of 120.0 in. (3.05 m) or an & = 1.81l:1. Warp-cut
tape may be used for both materials as the wrap-—angle is from 0 to 3 degrees

(0 to 0.053 rad) of the nozzle center line.
(3) Nose Insert

This insert is wrapped of bias-cut resin~impregnated
carbon tape at an angle of 97 degrees (1.69 rad) to the nozzle center line. A
canvas duck phenolic overwrap, parallel to the surface, is applied to the

machined backside of the preformed billet and simultaneously cured.

-t
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(4) Entrance Insert

The entrance insert also incorporates carbon (bias—
cut) tape with a parallel-to-surface canvas duck insulator. The nominal 67
degrees (1.17 rad) to center line wrap angle makes this part very similar to

its 260-SL-3 counterpart,

(5) Throat Insert

This piece is also similar to the 260-SL-3 throat
insert, having a 50 degree (0.87 rad) nominal wrap angle. Bias-cut carbon tape
is used for the exposed flame liner section, which may experience a thermal or
erosive environment. An unusually thick canvas back-up is used to provide
material cost savings where excessive thickness is necessary due to the geometry

of the steel support assembly.

A weight summary for the nozzle is provided in
Table 36. The total weight of the entire nozzle assembly, including the exit
cone and flexseal is 43,676 1b (19,830 Kg).

b. Exit Cone

The two piece exit cone, shown in Figure 52, is of a con-

toured or bell-shaped design having an exit plane diameter of 267.30 in. (6.78 m)

w

nd an overall length of 247.16 in. (6.27 m). The expansion ratio of 9:1 pro-
vides a thrust coefficient (Cf) very nearly the same as a conventional conical
exit cone having an 11:1 expansion ratio. The contoured design results in
economy of materials, while maintaining the overall diameter and length to
dimensions compatible with reasonable fabrication-tooling and facility require-

ments, shipping limitations, and the aft-flare envelope of the 260/SIVB motor.

The exit cone forward section extends to an area ratio of
3.72 and is designed to take maximum advantage of the low cost canvas duck
material while maintaining the better performing and well-characterized carbon

in the more critical areas. Carbon phenolic was selected for the forward
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section for the following reasons:

(1) The low area ratio (1.1l:1) at the forward end of

this component requires a material with good erosion resistance.

(2) The other leading material candidate for this part
was carbon-silica phenolic and little or no performance data are available on

this material at this location.

(3) Using the estimated material loss for carbon-silica
at an area ratio of 1.38:1 and actual 260-SL carbon phenolic test data in a
cost—effectiveness comparison results in a definite advantage (over 2 to 1)
for carbon. Similar results were obtained when either canvas or heavyweight

silica were investigated for use at the more severe environments.

The parallel-to-center line carbon phenolic wrap
increases to a slightly thicker than necessary section near the 2.15 area
ratio to allow a smooth transition into the adjacent canvas duck material,
which requires a greater cross-section. The two materials would be wrapped
and further processed as a common liner on a net-contoured mandrel. A canvas
duck overwrap, nominally 0.30 in. (0.76 cm) thick, is incorporated over the
portion of the exterior surface which is bonded to the steel housing. This
overwrap blends into the structural glass phenolic overwrap, which extends to
the aft face of the part. A 4130 steel attachment flange is bonded to the
glass structure at the aft end; the flange is further secured with an overwrap
of a room-temperature curing epoxy resin/glass system. The AISI 4130 steel
shell would be a weldment joining the machined-forging forward flange to the
roll-and-welded conical segment. The aft portion of the shell has the addi-
tional thickness needed to resist and distribute the TVC actuation loads.

Two actuator attachment brackets, 90 degrees (1.57 rad) apart, would be
welded to the shell.

The exit cone aft section has an all canvas duck
phenolic liner and a glass-epoxy resin structural overwrap. No insulative

overwrap of ablative material (canvas, silica, etc.) is used on the part. The
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glass tape, wrapped parallel to surface, will assume the functions normally
associated with the ablative overwrap (insulator and gas path barrier) in
addition to its structural function. The flame~liner thickness is designed
to maintain the glass-canvas interface at a temperature of 100°F (312°K) or
lower. The structural analysis indicates that the glass-epoxy system has
adequate stiffness in the axial mode so that no additional structural rein-
forcement (such as honeycomb) is required. The relatively low TVC loads make

this possible.

The forward attachment ring would be bonded to the
machined surface of the glass structure and overwrapped with a glass—epoxy

ambient curing system.

The use of canvas duck phenolic at an area ratio as
low as 2.26 is the most notable departure of this exit comne from previous
designs, where a transition from carbon to silica has generally been made near
the 2.3 to 2.5 area ratio station. Canvas has been successfully used in sub-
scale motors (8.2-in.-dia (21 cm) throats) in the programs described in
References (2) and (3) and most recently on Task II of this program where
excellent performance of the canvas was experienced at an area ratio as low
as 1.95. The extensive use of canvas in the full-scale nozzle design repre-

sents the most-significant, single factor in material savings.

In addition to the fabrication considerations, the
afr flange location of the forward section was selected to enable either sur-
face or air transportation of this part within present carrier size limitations

and DOT regulations.

The aft section must either be manufactured near the

motor assembly site (A-DD) or shipped from the west coast via the Panama Canal.

The weight of the exit cone assembly is shown in

o
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5. Design Verification

as Thermal Analysis

A thermal evaluation was conducted of the proposed low-
cost full-scale nozzle design. This analysis utilized the estimated ballistic
performance and provided analytical predictions of local erosion, char depth,
and total thermal zone growth in the ablative liners as a function of elapsed
firing time. Discussions of the pertinent data and analytical techniques used

in this analysis follow:

The analysis consists of a series of one-dimensional
transient thermal analyses performed at various preselected axial stations of
the preliminary nozzle design. These locations are chosen so that all critical
areas receive special attention and are of sufficient number that a smooth post-
firing erosion and thermal gradient contour may be prepared over the entire
nozzle profile. The analytical techniques have been used on previous large
motor programs. This procedure considers the actual thermal response of a
material that reacts at the surface with the propellant exhaust products
(erosion) and decomposes in depth (charring). The input data required for
this program include material properties, dimensions, and surface heat-transfer
conditions. The latter are established using a boundary layer growth technique
which considers the local flow surface Mach numbers, nozzle contour, and pro-
pellant transport properties. The resulting boundary conditions used in this

analysis are summarized in Table 38.

In addition, the heat transfer coefficients were varied
according to the schedule shown in Table 39 to better account for the chamber

pressure variation that occurs during the firing.

Based on these data, the expected erosion, char depth, and
total thermal zone growth were determined and are tabulated in Table 40. In
the table, the erosion represents the material loss resulting from either
chemical corrosion and/or melt removal. The char zone depth is defined as the

location of the 1100°F (865 °K) isotherm, while the total thermal zone represented
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by the 100°F (312 °K) isotherm. As noted, the thermal erosion at the throat is
predicted to be 0.88 in. (2.24 cm), which represents a loss rate 6.3 mils/sec
(0.016 cm/sec) over the motor web time. This compares to a measured value of
5.8 mils/sec (0.015 cm/sec) for the 75 sec web time of 260-SL-3. The differ-
ence is attributed to a higher average chamber pressure and a slightly in-

creased chemical corrosion potential for the HTPB type propellant.

The expected ablator surface loss and char zone at the
end of the firing, as tabulated in Table 40, is shown plotted on the nozzle
layout in Figure 53 (forward section) and Figure 54 (exit come). The thermal
response at the throat and at the most critical location on the exit cone
canvas liner is plotted vs motor duration in Figures 55 and 56, respectively.

Erosion in the canvas exit cone liner is plotted vs area ratio in Figure 57.

The exit cone represents a nearly optimum design in
relation to the liner thicknesses selected. The 100°F (312 °K) isotherm is
just ocutside of the overwrap interface. The nozzle section is more conserva-
tively designed as may be seen in Figure 53. The combined effects of erosion,
char, and thermal zone growth, as determined by the computer analysis, were not
as severe as was assumed for the preliminary design. Therefore, the actual
minimum safety factor on the Task III nozzle design is somewhat higher than

the target value (2.1 vs 1.5) at the most critical location ( & = 1.13).

Although it would be possible to further refine the full-
scale nozzle design to reduce the liner thicknesses forward of the exit cone,
this task was considered beyond the scope of this program. In an actual pro-
duction program any modification to this design would most probably not be
made until firing data confirmed the expected performance and a lower safety

margin could be justified.
b. Stress Analysis
A stress analysis was conducted to determine the design

adequacy of the 260-FL motor nozzle. The Aerojet E11405 finite element com-

puter routine was used for the amalysis (see Section IIT.B.2.d).
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The design loads for input into thekanalysis included the

following:

Motor maximum expected operating pressure (MEOP) of 750 psia
(517 N/cm?).

Axial ejection force of 1,000,000 1b (4.45 MN) in the flexible seal.

Thermal gradient in the nozzle ablator at motor burnout as deter-
mined from the heat transfer analysis.

On the basis of the design loads, safety factors of 1.25
on structural components and 1.00 on ablative components were imposed. In

addition, the strain within the ablative components was limited to 0.257.

HY-150 steel was selected for the conical closure and
throat support nozzle structure. Normalized 4130 steel was selected for the
exit cone housing and attach flanges. The exit cone structural overwrap was
fabricated of 184 glass/phenolic resin. Ablative liner materials were carbon
phenolic and canvas phenolic. Material properties that were used in the
analysis are shown in Tables 41, 42, and 43. Elevated temperature property
values obtained from the material characterization task of this program are

included.

Detailed analysis of the nozzle was performed by dividing
the nozzle into three basic parts: (1) conical closure with the flexible seal
aft ring, (2) nozzle throat support with the flexible seal forward ring, and

(3) the exit cone assembly.
(1) Part A: Conical Aft Closure

In analyzing Part A, the structure was modeled by
the gridwork shown in Figure 58. The flange at Point A was assumed to be fixed,
and a design pressure of 938 psia (647 N/cmz) (1.25 MEOP) was applied to the
inside surface of the closure. 1In addition, the ejection force was distributed
over the forward surface of the seal aft ring. In actual operation, torgue is

applied to the seal ring as a sinusoidally varying edge load and has the effect
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of increasing or decreasing the uniformly distributed ejection force on this
surface. Since the computer program is limited tc axisymmetric loading con-
ditions, the design values of the distributed axial load was taken as the
ejection force plus the maximum value due to torque. A breakdown of this

loading is indicated below:

Ejection force: 1,000,000 x 1.25/27

199,000 1b/radian (885,000 N/rad)

Torque: 5,000,000 x 1.25/56mw

35,500 1b/radian (158,000 N/rad)

Design Load 234,500 1b/radian (1,043,000 N/rad)
Results of the analysis indicated that the maximum

stress occurred at Element 31 (Figure 58). The principal stresses in this

clement were:

Radial stress - 2,250 psi (1550 N/cmz) (tension)
Axial stress - 8 psi (5.5 N/cmz) (tension)
Hoop stress - 63,206 psi (43,500 N/cmz) (tension)

The margin of safety based on maximum stress theory was +0.107. The margin of
safety based on the distortional energy failure (Von Mises) theory yielded a

slightly larger margin of safety (+0.127) as all the principal stresses were

in tension.
(2) Part B: Nozzle Throat Support

In the Part B analysis, the HY-150 throat support
was conservatively assumed to take all the structural loads without contribu-
tion from the ablative liner. The structural shell also limited strain in the
ablative liner to within 0.25%. The pressure distribution calculated from
compressible, isentropic (y = 1.2) flow on the nozzle surface based on a
chamber pressure of 938 psi (647 N/cmz) was applied on the steel shell surface.

This pressure was found to vary from 320 psi (221 N/cmz) at flange A (see

b

T}

igure 59) to 938 psi (647 N/cmz) at surface B. A load was also applied to

¥
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so that the resultant horizontal reaction at C would equal rhe design
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ejection force of 1,250,000 1b (5.56 MN).

In addition to these loads, two possible loading
conditions, with and without chamber pressure in area D (see Figure 59), were
considered in the analysis. The more critical stress condition was without

pressure in area D; it therefore controlled the design.

From the computer analysis, all stresses in Part B
were below the allowable yield and allowable buckling of the material. For
the most part, however, strain was the governing factor. The highest strain

of 0.23% was at element 29, showing a margin of safety of +0.087.

The relative movement at the bearing joint between
the nozzle shell and seal forward ring is shown in Figure 60, No joint separa-

tion existed even at full chamber pressure.

At the attachment joints between the seal and the
nozzle structure, the interface load is normally in compression from the ejec~
tion force. Even with the maximum torque of 5,000,000 in.-1b (565,000 J) that
can be applied, the separating force at the joint is small. The design and
spacing of the attachment bolts were, therefore, governed by good design

practices considering vibration and handling conditions.

(3) Part C: Exit Cone Assembly

In the stress analysis of the exit cune assembly,
the effects of ablation were considered by using the ablated geometry of the
liner at burnout time as predicted by heat transfer analysis. Complete aniso-
tropic (hoop, meridional, and radial) properties of the materials were used in
the analysis. Properties shown in Tables 42 and 43 were input for each finite
element in accordance with the temperature profile predicted from the heat
transfer analysis. For conservatism, static pressure along the nozzle wall,
calculated from compressible isentropic flow, based on MEOP pressure, was

combined with the temperature profile at motor burnout in the analysis.
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Two regions in the nozzle exit cone that were
expected to result in maximum stress were analyzed in detail. These regions
were at the carbon phenolic-to-canvas phenolic interface (area ratio of 2.3)
and at the mechanical joint between the two exit cone assemblies (area ratio
of 3.85). Stresses in the three orthogonal directions for each element were
obtained. A summary of the maximum stresses and strains is tabulated in
Table 44, The results indicated that minimum safety factors of 2.0 existed

in all locations.

Distribution of the maximum stress and strain in
the exit cone liner and structural support were plotted. Stress and strain
plots in the region of the 2.3 area ratio are shown in Figures 61 and 62.
Maximum stress and strain data for the region of 3.85 area ratio are shown
in Figures 63 and 64. The results confirm the structural adequacy of the

proposed full-scale nozzle design.

6. Fabrication Plan for Ablative Components

A description of the fabrication methods planned for each
component of the full-scale low-cost nozzle assembly is presented in the
following paragraphs. Detailed requirements for the production of this nozzle
are included in the material and processing specifications that were prepared
during the Task III portion of this program and submitted previously to the

NASA-LeRC project manager. These specifications are:

ASPC Development

Specification No. Title
ACC-34467 Molding Tape, Carbon Fabric, Resin Impregnated
AGC-34468 Molding Tape, Canvas Duck Fabric, Resin Impregnated
AGC-36595 Ablative Components, Tape Wrapped, Process Control of
AGC~36596 Nozzle Assembly, Process Control of
AGC-36597 Exit Cone Assembly, Process Control of
AGC-36598 Glass Fabric, Epoxy Impregnated, Application of
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a. Closure Insulator

The closure insert is a single-material (canvas) component
that, because of its relatively mild thermal environment, can tolerate a wide
range of laminate orientation. The selection of the tape-wrapping angle,
therefore, is essentially limited to the ease and cost of fabrication. This
component has no 260-SL-3 counterpart, but is roughly comparable to the 260-5L-1,

-2 entrance piece.

The obvious choice of a parallel—to—center line orienta-~
tion offers the advantages of a high as-wrapped density and the lower material
costs that are available when using warp-cut tape. However, the maximum radial
thickness of the as-wrapped billet would be approximately 9 in. (22.8 cm). This
thickness would result in severe wrinkling during a hydroclave (or autoclave)
cure cycle, unless the billet were subjected to intermediate debulk cycles
every 3 to 4 in. (7.6 to 10.2 cm) during wrapping. Since the total projected
radial thickness of the finished part is approximately 15 in. (38 cm), the
innermost wrap would be subjected to three or four debulk cycles prior to the
final cure cycle, The additional cost of the debulk cycles and the risk of
advancing the resin system to this degree prior to final cure make this wrap

orientation undesirable.

Therefore, an 80 degree (1.4 rad) wrap angle was selected
for use with a net-molded mandrel contour as shown in Figure 65. Maximum re-
orientation of the plies is expected to be of the order of 10 degrees (0.17 rad)
at the small diameter end of the part, resulting in a minimum orientation of
approximately 70 degrees (1.22 rad). This laminate orientation permits a more
efficient wrapping operation since only half as many tape width changes are
required to achieve the same material econmomy. The insert would be cured at
either hydroclave or autoclave pressure and machined to mate with the closure

contour.
b. Submerged Insert

The submerged insert, which also serves as a thermal pro—
g s P

tection for the flexseal, is essentially a parallel-to-center line cemponent of
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both canvas and carbon cloth. No overwrap is required. The part is similar
to the 260-SL-3 submerged insert, which had an 82 degree (1.43 rad) laminate
orientation, but includes the nose-cap (area ratio 1.81:1) which previously

was a part of the nose insert (see Figure 66 for billet configuration).

Two potential fabrication problems are evident in this
component., The maximum ply width of the canvas is in excess of 16 in. (40.7 cm),
and the maximum as—-wrapped ply thickness would be nearly 5 in. (12.7 cm). The
wrapping of 16 in. (40.7 cm) tape has not been demonstrated and would very
likely require significant development if uniform roller compaction and tape
rension were to be achieved. Therefore, a spiral wrap pattern, such as was
used for the 260-SL-3 overwrapping, is the logical choice to obtain a uniformly

high as-wrapped density.

The excessive as—-wrapped thickness could result in an un-
desirable degree of wrinkling, particularly in the carbon nose piece, because
of limitations on the ability of the larger diameter plies to compress circum-
ferentially. This would be alleviated by an intermediate debulk cycle during
wrapping. Incorporation of methods to control wrinkling may be necessary
during the debulk and final cure cycles. The forward face of the canvas section
would be machined after debulking, prior to initiation of the carbon wrap, to
provide a suitable interface between the two materials., The part size will
permit curing at hydroclave or autoclave pressures of about 300 psi (207 N/cmz).

The as-wrapped billet is shown in Figure 66.
C. Nose Insert

The nose insert is similar to the corresponding 260-SL-3
component and would be fabricated in a like manner except that the piece does
not include the outer nose cap, which was separately wrapped, debulked, machined,
and then cured with the aft section of the insert. As a result, this part would

be much easier to fabricate than its 260-SL-3 counterpart.

The laminate would be wrapped at 90 degrees (1.7 rad)

{Figure 67) and debulked. The backside contour would be machined and overwrapped
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with canvas phenolic. Following a 300 psi (207 N/cmz) cure, the insert would
be final machined on the back face. The flame contour would be machined after

assembly.
d. Entrance Insert

This part would be essentially the same as the corres-
ponding 260-SL-3 component. The insert would be wrapped with bias-cut carbon
tape at an angle of 67 degrees (1.17 rad) on a net-contoured mandrel (see
Figure 68). It would be preformed, machined, overwrapped with warp-cut canvas

tape on a spiral pattern, cured, and final machined.
e. Throat Insert

The throat insert would be fabricated in the same manner
as its 260-SL-3 counterpart. The carbon bias-cut tape would be wrapped at a
normal 50 degree (0.87 rad) to center line angle on a two-piece net~contour
mandrel as shown in Figure 69. The preforming and subsequent operations would
be similar to those for the entrance insert. Application of the canvas over-
wrap to the three-cone surface would require careful wrapping techniques to
avoid excessive roller-edge compaction at the conical interfaces. Conventional

cure procedures would be utilized.
f. Forward Exit Cone Liner

The forward exit cone liner provides the internal contour
between the area ratios of 1.10 and 3.72, including the transition from the
throat radius contour to the exit contour at a maximum divergence angle of
34.5 degrees (0.6 rad). This part is roughly comparable to the threat exten-
sion inserts of the 260-SL motors, and uses both carbon- and canvas duck-
phenolic liners with a canvas~phenolic overwrap in the forward section where

the liner bonds to the steel shell.

The laminate orientation of this component is parallel

to the center line. Although the 260-SL throat extensions were wrapped at
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30 degrees {(0.53 rad), other large nozzles have performed successfully with
parallel orientation at these area ratios. The selection is therefore a

matter of fabrication consideration and not ablative performance.

Wrapping this type of liner at a 30 degree (0.53 rad)
angle would present unique fabrication difficulties. Because of the geometry,
wrapping must be done from the small end with the large diameter up. In this
position there is a tendency for the in-process billet to slump away from the
mandrel. While this may be alleviated by careful selection of material wrap-
ing properties and the in-process use of shrink tape or carbon dioxide coolant,
the contour of the forward exit cone liner is much more severe, having a maximum
divergence angle of 34.5 degrees (0.6 rad) compared with the 17.5 degrees
(0.31 rad) of the earlier components. The feasibility of wrapping bias tape
with the small end of the mandrel up and the wrapping head inverted is not known

but appears undesirable.

Wrapping parallel to the center line over the contoured
mandrel should present no special fabrication problems and this is the tech-
nigue selected. The liner would be wrapped, debulked, machined, overwrapped,
and final cured. A hydroclave or autoclave cure process would be used for
this component. The size of the part is within existing facility wrapping and

curing capabilities,

2. Aft Exit Cone Liner

Fabrication of the aft exit cone liner should present no
unusual problems. Although there is only limited experience with canvas phen-—
olic material, it appears to be similar to silica phenolic in ease of fabrica-
tion. The configuration of the part is not unusual, but the maximum diameter
is beyvond existing autoclave or hydroclave capabilities. A simple vacuum bag
oven cure has been considered, but subscale results to date have not been
encouraging. Maximum liner density is probably not required for this part,
therefore a low-pressure cure procedure would be adequate. The use of nylon
tension-wrap would be utilized for controlling laminate orientations and for

providing the desired cure compaction. A final density of about 98% of that
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expected from an autoclave cured part could be expected. The processing
sequence would include parallel-to-center line tape wrapping, machining of
the as-wrapped liner, parallel-to-surface overwrapping of the glass tape,
nylon tension-wrap cure, and final machining of the forward surface where the
attachment flange would be bonded to the structure. Although the component
is extremely large, no special fabrication requirements are envisioned. No
nozzle fabricator presently has the equipment or facilities required to wrap,

machine, or cure a plastic component of this large size, 270 in. dia (6.86 m}.

7. Full-Scale Nozzle Cost Estimate

A production cost estimate for the full scale 260-FL nozzle
design (Figures 51 and 52) was prepared and is discussed in the following
sections. The estimate is based on the assumption of a 30 motor program, with
a nozzle production rate of 6 units/year for 5 years. The selection of the
production quantity has a significant effect on the per-unit nozzle cost.
Tooling, facility, and nonrecurring labor costs on a prorated basis vary from
$62,500 to $187,700 per unit depending upon whether a 30 or a ten motor program
is being considered. No transportation costs have been included in the esti-

mate, as this item is normally handled by Government Bill-of-Lading (GBL}.

As shown in the full-scale nozzle cost summary (Table 45}, the
nozzle assembly unit cost is $899,334, of which $565,844 is attributable to the
nozzle and $333,490 to the exit cone. The addition of a flexseal for TVC would
increase the cost by $62,300 for a total of $961,634, exclusive of any necessary

actuators, hydraulic-power system, or related subsystems.

The incorporation of the low-cost ablative materials in the
full~scale nozzle, notably the canvas duck phenolic and lower-cost carbons,
results in an overall savings of approximately $80,200, in comparison with a
comparable design using the conventional MX-4926 carbon and FM-5131 silica
phenolics. The cost of the ablative pre-preg materials represents about 25%
of the total nozzle cost, therefore the savings realized by the use of low cost

materials results in an overall nozzle cost reduction of about 97%.
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The estimated cost of the nozzle steel components is the most
subject to uncertainty. There are no 260-SL components that are sufficiently
gimilar in design to permit an accurate comparison of manufacturing cost data.
The two large steel fabricators that were solicited for an ROM estimate on the
major structural parts declined to provide any cost information on an informal
and unfunded basis. Therefore, the general rule-of-thumb of using a $20/1b
($44/kg) figure for the approximate cost of the finished part was applied.
Because of the inherent toughness of HY-150 steel, welding standards may be
relaxed, which, when combined with the initial lower cost of the material
{compared with maraging steel), may result in a reduction of the $20/1b esti-
mate. In addition, the proposed production rate allows optimization of forging
design and for tooling for all flanges and thicker sections, thus reducing

machining time and material scrap loss.

The estimated cost of ablative materials is not comparable to
the material costs of the nozzle design used in the trade study discussed in
Section IIT1.D.1. This is because of the considerable difference in the com-
plexity of the two nozzle designs, the low-cost ablative nozzle being by far

the easiest to fabricate.

An explanation of how each item in the cost summary (Table 45)
was derived is included in the following sections. The total cost is believed
to be the most realistic that has been published to date for a 260-FL motor

nozzle, particularly in view of the fact that this nozzle represents a flight-

[

weight design, utilizing state—of-the—art materials and fabrication techniques,

and has been verified by thermal and structural analyses.
a. Ablative Material Costs
The cost of the resin~impregnated ablative and glass tapes

used in the full-scale nozzle has been determined in a manner that insures maxi-

mum accuracy consistent with the fluctuating quotations obtained by the major

)

suppliers over the past few years. Contrary to the design practice used on the

i

[

50-5L nozzles where the materials were specified by trade name or designation,

the low-cost nozzle pre-preg specifications are written so as to enable the use

20



I171.D. Task ITII - Full Scale Nozzle Design and Fabrication Planning (cont)

of tape from any one of several suppliers. The cost-per—-pound of most mater-
ials being considered for use in the full-scale design were solicited early
in this program. These costs, for warp—cut carbon and canvas duck tape in

1000 1b (454 kg), minimum, lots are shown below.

Carbon* Canvas—Duck*
$25.36 $2.25

21.10 1.60

21.90 ' 1.80

19.90

18.75

$21.40 Average $1.88 Average

While $21.40 was the averagebprice for the carbon tapes
of interest, it is felt that because of the quantities that would be required
for a 30 nozzle order and the competition for a program of this scope, a more
realistic cost of $20.00 1b ($44/kg) could be expected. A cutting charge of
$1.50/1b ($3.30/kg) for bias tape is assumed. Thus, $20.00 and $21.50/1b
($44.00 and $47.30/kg) (warp and bias) were used for the costs of the carbon
pre-preg raw material used in the cost estimate. Likewise, values of $1.80
and $3.30/1b ($3.97 and $7.30/kg) were used for the warp and bias-cut canvas
duck-phenolic material; which is essentially the average price noted above

for the warp-cut material.

The amount of material required was obtained by determin-
ing the volume, and subsequently, the weight of the as-wrapped billet for each
component. (The billet configurations are shown in Figures 65 through 69.) An
additional 5% (of the billet weight) was added to each part for scrap-loss and

contingencies. Each billet has sufficient material to account for cure shrinkage

*The material designations have been omitted at the request of certain
suppliers to protect their competitive position.

(S e]
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IIT1.D. Task IIT -~ Full Scale Nozzle Design and Fabrication Planning (cont)

and test specimen removal. Weight and cost data of each material required for

rhe nozzle and exit cone are summarized in Table 46,

The prices shown in Table 47 are provided for informa-
tion only and are based on the purchase of 5000 1b (2273 kg) minimum lots and
delivery in 1000 1b (455 kg) releases. Generally, like products and grades
sell within a narrow price range in a freely competitive market. For this
reason, the prices of the commercially available tape and molding grades are
listed against generic systems rather than specific trade names. In order for
prices to be truly competitive, applicable material gpecifications should be
broad enough to cover equivalent materials, and should include only those

requirements that are specifically related to the expected performance.

b. Labor Costs

Direct labor costs associated with the manufacture of the
full-scale nozzle were determined from a cost estimate in support of the Phase I
Cost Study(7). This estimate was based on the omnivector, movable-nozzle design
(Aerojet Drawing 1005017). As mentioned previously, this nozzle, while having
the same throat diameter and a similar exit cone, is considerably more compli-
cated in all sections forward of the throat. Therefore, the labor estimates
for production of the low-cost nozzle have been adjusted accordingly. For
example, the omnivector nozzle has five more ablative inserts than the low-cost

design. The exit cone had a honeycomb structural reinforcement overwrapped with

glass tape and roving, as compared with a simple glass tape overwrap.

A rating scale was applied to the two designs in order to
arrive at a relative complexity factor which would take into consideration the
manufacturing operations of both nozzles. This factor was then applied to the
estimate of man hours required to produce the omnivector nozzle, at the six

unit/vear delivery rate.



TII.D. Task III - Full Scale Nozzle Design and Fabrication Planning (cont)

Results of this comparison indicate that the low-cost
nozzle should require only 63.5% as great a manpower expenditure as the base-
line unit, while the exit cone labor would be about 947 of its counterpart.

Thus, the unit labor cost was calculated as follows:

(1) Nozzle Throat Assembly

14,470 Hours (Phase I Study Estimate)

x 0.635 Factor of Relative Complexity
9,188 Direct Labor Hours/Unit

+ 300 Prorated Nonrecurring Direct Labor

9,488 Total Direct Labor Hours

(2) Exit Cone Assembly

4,015 Hours (Phase I Study Estimate)

x _0.94 Factor of Relative Complexity
3,774 Direct Labor Hours/Unit

+ _ 300 Prorated Nonrecurring Direct Labor

4,074 Total Direct Labor Hours

The direct labor basic hourly rate of $5.87 and the
overhead rate of $10.20 (174%) used herein is an Aerojet estimate based on in-

formation provided by a major nozzle fabricator.

c. Tooling Costs

A production rate of six nozzle assemblies per year does
not require more than one set of tooling for any individual insert or component.
The same tooling items would be required for the manufacture of a single nozzle

assembly, although the degree of design sophistication would naturally be les

[£5]
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I11.D. Task IIT - Full Scale Nozzle Design and Fabrication Planning (cont)

The identification of required tooling and the estimated
cost of each item listed in Table 48 is based on the cost study previously
mentioned. These estimates have been adjusted to reflect actual 260-SL-3 tool-
ing costs, 260-FL nozzle design differences, and the projected 1971-72 dollar
value., As may be seen from the listing, the cost of tooling is a significant
percentage of the total nozzle cost, with the exit cone mandrels contributing
the major share of this expense. No attempt has been made to optimize mandrel
design or to conceive new mandrel fabrication concepts. However, this is an

area where tooling cost reductions of up to 407 may be possible.

d. Facility Requirements

The 260-FL nozzle and exit cone assembly consists of
seven individual tape-wrapped parts. Assuming a production rate of six complete
assemblies per year, a total of 42 components must be fabricated annually. This
requirement exceeds the facility capacity of any ablative component fabricator

presently engaged in this specialty.

The wrapping, machining, and autoclave/hydroclave cure
facilities and limitations of the three major nozzle fabricating firms in the
Southern California area were surveyed as a part of this study. The signifi-

cant results of this investigation are summarized below:

(1) All three firms have the ability to manufacture
parts up to and including 130 in. in dia (3.3 m), which excludes the two exit
cone sections and the closure insulator. None can meet the production rate

requirement with their existing facilities.

(2) Only one firm has the capability to wrap, machine,

and autoclave cure the forward exit cone section and closure insulator.

(3) None of the firms can wrap or machine the aft exit

cone section.
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(4) A 36-ft. (11 m)-dia autoclave, capable of pressures
ro 100 psi (69 N/cmz) at 350°F (450°K), is available and is accessible to a
barge loading dock. No wrapping, machining, or overhead lifting equipment

exists at this facility, however.

To arrive at the most realistic new facility cost,
the required program schedule for a 30 motor program (six nozzles per year)
was projected on the basis of the fabricator who presently has the best capa-
bility in regards to the number and size of wrapping/machining and cure facil-
ities and equipment. The Rohr Corp., Space Products Division, of Riverside,
California (manufacturer of the 260-SL-3 nozzle) is prominent in this regard.
Rohr presently has two vertical turning machines that can be used to process
all ablative components forward of the aft exit cone section. Their cure
facilities include two large hydroclaves of 175 and 96 in. in diameter (4.45
and 2.44 m) and an autoclave of 180 in. in diameter (4.57 m). A new vertical
turning machine with a capacity of approximately 280 in. in diameter (7.12 m)
will be required and represents the major facility expenditure. A new curing
oven that can accommodate the aft exit cone and maintain a controlled temper-

ature environment of at least 350°F (450°K) is also needed.

Even with the addition of the new turning machine
and assuming optimum facility utilization and a multiple shift operation, the
production capacity at Rohr would be barely adequate to meet nozzle delivery
schedules (see Figure 70). To provide some degree of scheduling flexibility
and to allow for equipment maintenance and manufacturing contingencies, a plan
whereby at least one and possibly two of the smaller nozzle inserts would be
fabricated by another firm should be considered. This moré realistic approach,
when combined with manufacture of the aft exit cone at A-DD, results in a
gchedule (Figure 71) that is not so sensitive to slippage due to machine break-

down or other unforeseen problems.
Essentially, $1,000,000 of the new-facility require-

ment is associated with equipment needed for fabrication of the aft exit section.

This cost was based on installation of equipment in an existing building at the
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Rohr plant that has the necessary supporting facilities (crane, heating/air-
conditioning, etc.) It would be more desirable from a logistics standpoint to
fabricate this part at the motor processing site (A-DD). The cost of a build-
ing to house the fabrication equipment at A-DD would be an additional $300,000,
which would be less than the cost of shipping 30 aft exit cone sections from

California to Florida via the Panama Canal.

The very high financial outlay for the facility and
tooling required for production of the extremely large tape-wrapped exit cone
aft section provides a strong argument for further development of alternative

nozzle fabrication methods discussed in Section III.D.9.

8. Other Factors Influencing Large Nozzle Fabrication Costs

a. Effect of Processing Defects

As a result of previous investigations conducted for
NASA and reported in Reference(a), the effects of defects on the performance
of the tape-wrapped carbon and silica flame liners can be predicted with
greater assurance. Defects in the canvas duck components have not been studied
in the same detail, but may be inferred from the results observed for the

carbon and silica composites.

This added knowledge as to what constitutes a defect
(whether or not it will have an adverse effect on nozzle performance) will per-
mit the acceptance of parts previously rejected or subjected to costly rework.
In addition, the manufacturing specifications may be written with wider toler-
ances on material properties and acceptance criteria, and this will also lead

to an overall less—expensive nozzle.

The findings of the referenced program were incorporated
in the material and process specifications (discussed on Page 84) to the
extent that back-up data were sufficient to justify a modification of existing
acceptance criteria. The specific areas where these recent findings have been

applied, or will be when additional data are available, are:
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(1) Minimum cured density
(2) Resin segregation

(3) Delaminatioms

(4) Wrinkles

(5) Volatile content

b= Dimensional Tolerances

A careful study of any final design of a large nozzle
should be made to determine where dimensional tolerances may properly be
relaxed, without adversely affecting the function or performance of the nozzle
or motor. It appears reasonable to assume that on the extremely large exit
cone parts, an increase of dimensional tolerances would be feasible except at

mating interfaces.

9. Alternative Exit Cone Fabrication Methods

The extremely large size of the full-scale aft exit cone
section imposes some unique problems in the tooling and facilities required
for tape wrapping, curing, and machining of the part. It would be almost a
necessity, from the transportation aspect alone, to fabricate the exit cone
aft section at the motor assembly site. Rather than acquire all the necess-
ary facilities and technical skills necessary to tape-wrap this part at A-DD,
it would appear feasible to consider less complicated methods of manufacture

as a means of achieving a cost savings.

Other fabrication methods that may have future potential as
a cost-effective alternative to the conventional tape-wrapping procedures are
discussed briefly below. These methods are not endorsed at this time since
very little experience or performance data are available to substantiate their
use. Work is currently in progress* at Aerojet that should provide a greater
insight as to which new techniques show the greatest promise for the large exit

cone sections.

>'<Deve.lopment of Low-Cost Fabrication Techniques for Ablative Nozzles (Contract
NAS3-12064, Aerojet Solid Propulsion Company, from Lewis Research Center).
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a. Molded Exit Cone

In this method, it is proposed to mold full length
panels (15 degrees of arc by 14 ft (4.3 m) long) using a selected, low-cost
ablative molding compound. Using a sheet metal or wooden mold assembly form,
the 24 exit cone panels would be bonded together along axial, interlocking
joints. Circumferential wrappings (either tape or pre-preg roving) would be
applied to secure the panels against pressurization loads and to attach struc-
tural fittings at the forward end. The entire exterior surface of the exit
cone would then be sprayed with a glass or asbestos/resin mixture, applied

with the same tools and in the same manner as used for FRP boat hulls.

Molding will be performed by commercially available
sources not requiring further facility capitalization. At a total production
of 30 booster motors, the minimum requirement of 720 panels will justify a

matched die set to control size and dimensions.

b. Shingle Lap

Using this method, panels would be made up as in the
molded process; circumferential reinforcement, structural attachment, and
overspraying with glass or asbestos would be similar to that already dis-

cussed.

The panels themselves would be fabricated using a hand
lay~up procedure with interply bonding and final curing to be effected in
steam~jacketed or electrically heated forming dies pressurized with hydraulic
cylinders. The forward end of each panel would be formed from an ablative
molding compound to prevent ply removal, and this would be bonded in position

during the lay-up.

c. Wet Lay~-Up

With the wet lay-up technique, the dry, uncoated rein-

forcing fabric is applied in precut patterns over a male form and a catalyzed

98



III.D. Task III - Full Scale Nozzle Design and Fabrication Planning (cont)

resin is brushed or bladed into the fabric. This technique is closely allied
to the hand lay-up method used in fabricating boat hulls. A catalyzed, un-
filled resin of low viscosity is a prerequisite, so that air entrapment in

the resin is held to some reliably low level.

This method differs from the others in that all work
could be performed at A-DD. It has the advantage of requiring the least
amount of tooling, but requires the greatest amount of skill from the avail-

able labor.

IV. CONCLUSIONS AND RECOMMENDATIONS

A. Incorporation of the low-cost ablative materials in large sclid
propellant rocket motor nozzles can result in cost-savings of up to $80,200

when compared with a nozzle of the same design using conventional materials.

B. A flight-weight nozzle for a 260-FL motor may be manufactured for

about $961,600 (based on a 30 unit production contract) including flex seal.

C. It is feasible to fabricate the full-scale nozzle components using
conventional and proven manufacturing techniques, although advanced processing
concepts for the large exit cone section should be further investigated and

developed.

D. It was shown that the canvas duck-phenclic (4KXD02) material has
excellent performance characteristics when used in the less-severe locations
of the exit cone and nozzle. This material represents the single most Iimpor—
tant cost-reducing element in the design and fabrication of large ablative

components.

E. Carbon-silica phenolic (MXSC-195) demonstrated undesirable process-
ing traits and unacceptable performance characteristics when used in the entrance
section of the subscale test nozzle. Its use in the throat of full~scale nozzles

does not provide any overall motor cost savings.



IV. Conclusions and Recommendations (cont)

F. Results of the trade-studies reveal that the most practical low-
cost full-scale nozzle design would use a carbon-phenolic (or equivalent)
throat section and incorporate the'lower-priced materials in other parts of
the nozzle. This is the result of loss in motor performance at the higher

throat erosion rates.

G. The quality of a trowelable chamber internal insulation system was

shown to be dependent upon the degree of tooling sophistication.

H. Valuable insight was gained on the problems associated with the
processing and inspection of a trowelable insulation system. Performance of
the insulation was demonstrated on a scale significant enough to warrant its

further consideration for 260-FL motor application.

T The technology gained in this program on the use and qualities of
low-cost ablative materials and the trowelable insulation system could be
combined advantageously with other technology elements in a demonstration of

the cost-effectiveness of a ''state-of-the-art" solid booster motor.



TABLE 1. - IBT-100/IBT-106 INSULATION SYSTEM DESIGN SUMMARY FOR LCAN MOTOR

Dia, Area, Mach TLR Exposure, Correction Calculated Design 6 (D
Location in., in, A/A% No. Material in./sec(3) sec(4) Factor (5) Thickness, in. Thickness, in.
Nozzle/Aft Dome 13.00(1) 132.73
20.00 314,16 2,367 0.26 (2) N/A 40.1/24
22.00 380.13 2.864 0,21 (2) 0.023/0.003  40.1/24 0.95 0.922 (0.95) + 0.072 = 0.948 2.00
24,00 452,39 3.408 0.18 IBT-100 0.018/0.003 40,1/24 0.95 0.722 (0.95) + 0.072 = 0.758 1.55
26.00 530.93 4,000 0,15 IBT-100 0,015/0.003 40,1/24 0,95 0.602 (0.95) + 0.072 = 0.644 1.30
28.00 615.75 4.639 0.13 IBT-100 0.013/0.003 40.1/24 0.95 0.521 (0.95) + 0.072 = 0,567 1.15
30.00 706.86 5.326 0.11 TIBT-100 0,011/0.003 40.1/24 0.95 0.441 (0,95) + 0.072 = 0.492 . 1.00
32.00 804.25 6.059 0,10 IBT-100 0.010/0.003 40.1/24 0.95 0.401 (0,95) + 0.072 = 0.453 0.95
34.00 907.92 6.840 0,09 IBT-100 0.008/0.003 40.1/24 0.95 0.321 (0.95) + 0.072 = 0.377 0.80
36.00 1017.9 7.669 0,08 IBT-100 0.007/0.003 40.1/24 0.95 0.281 (0.95) + 0,072 = 0.339 0.70
38.00 1134.1  8.544 0.07 IBT-100 0.007/0.003 40.1/24 0.95 0.281 (0.95) + 0.072 = 0.339 0.70
’ 40.00 1256.6  9.467 0.06 IBT-100 0.006/0.003 40,1/24 0.95 0.240 (0,95) + 0,072 = 0.300 0.60
Forward Dome - - - - IBT-106 0.003/0.003  40.1/24 0.95 0.120 (0.95) + 0.072 = 0.186 0.40
Sidewall - - - - IBT-106 0.003 0/24 N/A 0.072 0.15
Propellant Boots - - - - IBT-106 0.003 40.1/0 N/A 0,120 (0.95) = 0.114 0.25

(1)
(2)
(3)
(4)

(5)

(6)
N

Algol motor nozzle diameter for Contract NAS3-12038.
Silica-phenolic at these diameters.

Thickness loss rate at full pressure/thickness loss rate at reduced pressure.

Exposure at full pressure/exposure at reduced pressure.

0.3

(29—2—] 0.95.

600
Required thickness x 2.0 safety factor.
Tolerance: -+0.05, -0.00 in.

Data not converted to S,I., units for sake of clarity,



TABLE 2. — CALCULATED WEIGHT SUMMARY OF IBT-100/IBT-106 INSULATION

Forward Dome

Sidewall

Aft Dome

Nozzle

Forward Boot

Afr Boot

SYSTEM FOR ALGOL NOZZLE TEST MOTORS

IBT-106

IBT-106

IBT-100

IBT-100

IBT-106

IBT-106

Total Weight

30

380

170

45

50

30

705 1b

(13.6)

(173)

(75.6)

(21.1)

(22.7)

(13.6)

(319.6) Kgm



TABLE 3. - EFFECTS OF CURING AGENT LEVEL, CURE TEMPERATURE, AND
CURE TIME ON THE MECHANICAL PROPERTIES OF ANB-3347

Mechanical Properties at 77°F (299 X

Batch DER Cure Cure
No. 332 Temp, Time,
106P- Equiv. °F () Days

9938 90 110 (317) 11

18

135 (331) 11

18

9939 95 110 11

18

135 11

18

9940 100 110 11

18

135 11

18

9941 105 110 11

18

135 11

18

9954 110 110 10

135 10

(Oxidizer Blend:

80/20 +48/MA)

O_»

€

E

m 9 ? b’ o’ 5
psi (N/cm™) % A psi (N/cm™)
36 (25.2) 28 38 75 (121
36 (25.2) 28 42 170 (117
38 (26.2) 32 49 173 (119
39 (26.9) 35 52 158  (109)
38 (36.2) 25 39 221 (152)
40  (37.6) 21 34 286 (197>
44 (30.3) 30 43 210 (145
43 (29.7) 28 38 246 {170)
45  (31.0) 22 33 282 (19855
47  (32.4) 21 26 315 (217
54 (37.2) 29 38 265 (183)
55 (37.9) 27 36 282  (195)
54 (37.2) 21 28 352 (243)
57 (40.0) 20 24 292 (270)
66 (45.5) 26 33 LOG (276)
69 (47.6) 25 31 392 (270
66 (45.5) 20 26 501 (345)
77 (53.1) 24 32 479 (330)



TABLE 4. - EFFECT OF PBAN TERPOLYMER LOT ON MECHANICAL
PROPERTIES OF ANB-3347 PROPELLANT

Mechanical Properties at 77°F (299°K)

Batch PBAN Cure Cure
. . G, € €y E 3
No. Lot Temp, Time, m 5 m b o 2
106P~ No. °F (X) Days psi (W/cm™) 7, 7 psi (N/cm™)
9971 691 110 (317) 13 47  (32.4) 22 28 307 (212)
135 (331) 13 56 (38.1) 26 34 307 (212)
20 58 (40.9) 25 35 330 (228)
9972 725A 110 (317) 13 44 (30.3) 20 28 296 (204)
135 (331) 13 53 (36.4) 25 34 301 (208)
20 54 (37.2) 24 33 326 (225)

{(Curing Agent Concentration 100 equivalents DER-332)



TABLE 5. - EFFECT OF OXIDIZER BLEND RATIO ON MECHANICAL

PROPERTIES OF ANB-3347 PROPELLANT

. . 5 9
— Oxidizer Cure — gechanlcal Progertlez at 7; F (299K)
No. Blend, Temp, Time, m’ ) m’ b? o’ ’
106P- +48/Ung/MA  °F (K) Days psi (N/cm™) % % psi (N/cm™)
9940 80/0/20 110 (317) 11 45 (31) 22 33 282 (195)
18 47 (32) 21 26 315 (217)
135 (331) 11 54 (37) 29 38 265 (183)
18 55 (38) 27 36 282 (195)
9975 50/30/20 110 (317) 11 47 (32) 25 32 258 (178)
18 - - - - - -
135 (331) 11 54 (37) 28 36 273 (188)
18 57 (40) 27 37 282 (195)
10019 0/80/20 135 (331) 13 58 (41) 28 32 282 (195)

(Curing Agent Concentration 100 equiv. DER-332)



TABLE 6. — SUMMARY OF SIGNIFICANT ANB-3347
PROPELLANT CHARACTERISTICS

Flame Temperature in chamber at 500 psia, °F
(at 345 N/cm?, K)

Burning Rate (rb) in./sec at 500 psia
(cm/sec at 345 N/cm?)

Burning Rate Pressure Exponent, n

Density, 1b/cu in.
(gm/cu cm)

Jok
Standard Specific Impulse, 1bf-sec/1bm
(N-sec/Kg)

Gamma

* Average solid strand burning rate from nine full scale batches.
%% 10KS-2500 motor, 1000/14.7 psia, 15° half angle.

5463
(3290)

0.215
(0.546)

0.23

0.0626
(1.73)

244.6
(2405)

1.20



TABLE 7. - GRAIN STRESS SUMMARY

Inner Bore Tensile Bond Shear Bond Tensile
Hoop Strain Stress Stress
(psi) (psi)

Condition o
e (%)

Maximum Allowable®* M.S,

Maximum Allowable**%* M.,S.

Maximum Allowable®* M.S.

Storage
1 Year at 75°F 5% 137 %% +1.6
(297K)
Firing
p = 600 psig 2 10% v20% +1.0
(414 N/em™)
at T = 75°F
(297°K)

t = 0.15 sec

* T = 135°F (331°K)
cure
%% Based on ANB~3241-2 Data.

k%% From ""Smith-Type' Failure Envelope.

1.0 5.6 +4.6

6.5 450 High

3.0 7.0 +1.3

Compressive



TABLE 8. ~ NASA-LeRC NOZZLE AND TEST MOTOR
DESIGN CRITERIA

Throat Diameter

Expansion Ratio

sxpansion Angle

Nozzle Type

Port-to~-Throat Ratio

Chamber Pressure

Web Action Time

Propeilant Aluminum Content
Propelilant Combustion Temperature

Propellant Type

13 to 16 in. (33 to 41 cm)

6:1

17.5° (0.297 rad)

Nonsubmerged, conical

1.3 (min)

600 + 100 psig (413
40 sec (min)

15 + 1% (by wt)
5500° + 100°F (3310

PBAN

+

69 N/cmz)

312°K)



TABLE 9. — CANDIDATE LOW COST ABLATIVE MATERIALS
FOR THE ALGOL TEST NOZZLES

Material Designation Type
WB-8251 : Carbon-silica phenolic
4C-2530 v Carbon-silica phenolic
SP-8057 Carbon phenolic
4C-1686 Silica phenolic
MXS-198 Silica phenolic
SP-8030-96 Silica phenolic
F-502 Silica phenolic
KF-418 Canvas~duck phenolic
23-RPD Asbestos phenllic
MXA-6012 Asbestos phenolic

FM-5272 Paper phenoclic



TABLE 10. — COST EFFECTIVENESS COMPARISON OF ABLATIVE MATERIALS

CONSIDERED IN 13-IN.-DIA (33 CM) NOZZLE

Component Area Ratio Material
Entrance -2.11 Silica
Carbon
-1.23 Carbon-Silica
Carbon
Throat 1.00 Carbon

Carbon-Silica
Silica
Fwd Exit Cone 1.60 Carbon
Carbon-5ilica
Silica
Aft Exit Comne 2.40 Silica
Canvas-Duck
5.50 Silica

Canvas-Duck

*%*CEI = (erosion + char) x specific gravity x cost/1b.
Cost data used in CEI calculations:

Carbon Phenolic -$21.50 (bias)
Carbon-Silica Phenolic -$16.50 (bias)
Silica-Phenolic -$ 7.00 (bias) $5.50 (warp)

Canvas-Duck Phenolic -$ 1.80 (warp)

Cost Effectiveness
Index (CEI)*

9
12
18
19
16
18
12
12
12

O =
o O Ut B~



TABLE 11. - INITIAL BOUNDARY LAYER CONDITIONS

Heat Transfer Coefficient Surface
Area Ratio Btu/hr—ft2-°F Mach Number

-3.0 630 0.26
-2.0 950 0.40
-1.5 1250 0.47
~-1.2 1540 0.68
-1.08 1660 0.92

1.00 (Throat) 1520 1.20
+1.20 1020 1.75
+1.50 930 1.83
+2.00 740 2.05

5845°R (3250°K)
600 psia (413 N/cmz)
13.00 in. (33 cm)

¢ 2

il



TABLE 12. -~ HEAT TRANSFER ANALYSIS SUMMARY, NOZZLE NO. 1

Station Depth from Original Surface, in. (cm)
(Area Ratio) Material Erosion Char* 100°F** (312°K)
-2.10 Silica Phenolic 0.61 (1.55) 0.76 (1.93) 1.10 (2.79)
-1.71 Carbon/Silica 0.427 (1.08) 0.589 (1.50) 0.88 (2.24)
-1.23 Carbon/Silica 0.584 (1.48) 0.729 (1.85) 1.02 (2.59)
1.00 Carbon/Silica 0.586 (1.49) 0.726 (1.84) 1.01 (2.58)
{(throat)
1.23 Carbon/Silica 0.370 (0.94) 0.534 (1.36) 0.83 (2.11)
1.60 Carbon/Silica 0.302 (0.77) 0.477 (1.21) 0.78 (1.98)
2.40 Canvas Phenolic 0.47 (1.19) 0.63 (1.60) 0.92 (2.34)
6.00 Canvas Phenolic 0.14 (0.36) 0.34 (0.86) 0.64 (1.62)

% 750°F (673°K) isotherm.
*% At 75 seconds from fire switch.



TABLE 13. - HEAT TRANSFER ANALYSIS SUMMARY, NOZZLE NO. 2

Station Depth from Original Surface, in. {cm)
(Area Ratio) Material Erosion Char* 100°F** (312°K)
-2.10 Silica Phenolic 0.61 (1.55) 0.76 (1.93) 1,10 (2.79)
-1.71 Silica Phenolic 0.70 (1.78) 0.86 (2.18) .15 (2.92)
-1.23 Silica Phenolic 0.91 (2.31) 1.06 (2.72) 1,17 (2.973
1.00 Silica Phenolic 0.89 (2.26) 1.04 (2.71) 1.15 (2.92)
(throat)
1.23 Silica Phenolic 0.60 (1.52) 0.76 (1.93) 0.90 (2.28)
1.60 Silica Phenolic 0.45 (1.14) 0.62 (1.57) 0.77 (1.95)
2.40 Canvas Duck Phenolic 0.50 (1.27) 0.65 (1.65) 0.83 (2.11)
5.50 Canvas Duck Phenolic 0.15 (0.37) 0.35 (0.87) 0.55 (1.40)

* 750°F (673°K) isotherm.
*% At 60 seconds from fire switch.



TABLE 14. - HEAT TRANSFER ANALYSIS SUMMARY, CARBON PHENOLIC THROAT,
CANDIDATE NOZZLE

Station Depth from Original Surface, in. (cm)
(Area Ratio) Material Erosion Char* 100°F#* (312°K)
-2.10 Silica Phenolic 0.61 (1.55) 0.76 (1.93) 1.10 (2.79)
-1.71 Carbon/Silica Phenolic 0.427 (1.08) 0.589 (1.50) 0.88 (2.24)
-1.23 Carbon/Silica Phenolic 0.584 (1.48) 0.729 (1.85) 1.02 (2.59)
1.00 Carbon Phenolic 0.18 (0.46) 0.535 (1.36) 0.82 (2.08)
1.23 Carbon/Silica Phenolic  0.370 (0.94) 0.534 (1.36) 0.83 (2.11)
1.60 Carbon/Silica Phenolic 0.302 (0.77) 0.477 (1.21) 0.78 (1.98)

2. 40 Canvas Phenolic 0.47 (1.19) 0.63 (1.60) 0.92 (2.34)
6.00 Canvas Phenolic 0.14 (0.36) 0.34 (0.86) 0.64 (1.62)

% 750°F% (673°K) isotherm.
** At 75 seconds from fire switch.



TABLE 15. — STRUCTURAL ANALYSIS SUMMARY, NOZZLE NO. 1

Design
At Ultimate Safety Actual

Stress Temperature Allowable Stress Factor Safety
Component Material psi (N/cmz) iE. (°K) psi (N/cmz) (max) Factor
Approach Silica C2915% (2010) 343 (446) 3800 (2620) 2.0 1.31
Entrance Carbon-Silica 1044 (720) 138 (333) 6000 (4130) 5.77
Throat Carbon-Silica C2195 (1513) 443 (502) 5250 (3620) 2.39
Fwd Exit Carbon-Silica (C2384 (1645) 430 (495) 5250 (3620) 2.20
Cone
Aft Exit Canvas Duck 1334 (921) 430 (495) 4000 (2775%) 2.30
Cone !
Overwrap Asbestos 3831 (2640) 80 (300) 15000 (10340) 1.3 4,00
Steel 4130 Steel 29295 (20200) 80 (300) 70000 (48250) 2.80
Shell
Bond Line Epon 913 384 (2645) 80 (300) 3000 (2068) 6.01
Bolts - 18150 (12520) 80 (300) 38000 (26200) | 1.61

* The sign C preceding value indicates compressive stress.



Component

Approach

Entrance

Throat

Fwd Exit
Cone

Aft Exit
Cone

Overwrap

TABLE 16. - STRESS ANALYSIS SUMMARY, NOZZLE NO. 2

%
Limit Stress (f)

Stress

Material psi (N/cmz)
Silica C2664%* (1838)
Silica C3666 (2528)
Siliea C3955 (2727)
Silica C2678 (1831)
Canvas Duck 443 (305)
Canvas Duck 2019 (1391)

*Along outside fiber at 40.5 sec.

**The sign C preceding value indicates compressive stress.

Temperature
F_CR)

262

363

463

175

100

80

At

(402)

(456)

(512)

(352)

(312)

(300)

Design

Ultimate Safety Actual
Allowable Stress Factor Safety
psi (N/cm?) (max) Factor
4500 (3100) 2.0 1.70
6000 (4130) 1.64
5300 (3652) 1.34
6500 (4480) 2.40
8500 (5860) v High
8500 (5860) 1.3 4,15



Batch

No.

183

188

189

190

195

193

69-

TABLE 17. - QUALIFICATION DATA FOR LCAN-02 INSULATION SYSTEM

Formulation
No.

IBT-106

IBT-100

Liquid Density

Rex Hardness at 200°F (367°K)

g/cc

1.420
1.426

1.422

1.416

1.418

1.382

(1b/in.3) 100 min.
(0.0511) 0
(0.0514) 0
(0.0512) 5
(0.0509) 0
(0.0510) 10
(0.0497) 5

150 min.

20

30

40

35

45

40

200 min.

45

50

60

60

55



TABLE 18. ~ QUALIFICATION DATA FOR ANB-3347 PROPELLANT

Blend
MA Surface Submix
Batch No. Oxid. HoO0 HyO Acid
22D~ u % A Equiv.
Scale-Up Batch
203 5.0 0.005 .068 0.0512
Motor LCAN-O1
205-1 6.8 0.005 .059 0.0510
-2 7.1 0.005 .059 0.0510
-3 8.8 0.006 .059 0.0510
-4 6.3 0.004 .059 0.0510
Motor LCAN-02
206-1 4.3 0.008 .065 0.0511
-2 4,2 0.007 .065 0.0511
-3 4.3 0.008 .065 0.0511
~4 4.2 0.006 .065 0.0511

Propellant Final
Premix Liquid LSBR at 500 Fuel
H,0 Density Density psig.in./sec %

% g/ce g/cc at 85°F FeAA
.020 1.389 1.726 .237 3.43
.027 1.390 1.726 .236 3.46
.027 1.390 1.724 .238 3.46
.027 1.390 1.729 .236 3.46
.027 1.390 1.726 .238 3.46
.062 1.392 1.724 242 3.48
.062 1.392 1.724 .242 3.48
.062 1.392 1.726 .245 3.48
.062 1.392 1.725 .245 3.48



TABLE 19. - MECHANICAL PROPERTY DATA FOR ANB-3347 PROPELLANT BATCHES

Mechanical Properties at 77°F (298°K)

Cure
Equiv. of Time, Bar “m 9 “m b Eo 2
Batch No. DER-332 Days Preparation psi (N/em™) % % psi (N/cm™) ECS
10CP-290 110 10 Die Cut 79  (54) 25 28 433 (299) 19
22D-203 110 10 Die Cut 66 (46) 24 32 385 (265) 18
Milled 76 (52) 26 32 450 (310) 18*
22D-205-4 110 7 Die Cut 71 (49) 26 36 372 (256) 20
8 Milled 77 (53) 27 33 442 (305) 19
22D-205-1 110 8 Milled 76 (52) 28 35 433 (299) 19
-2 110 8 Milled 80 (55) 27 34 461 (318) 18
-3 110 8 Milled 79  (54) 28 36 437 (301) 20
22D-206-1 110 8 Milled 71 (49) 26 31 409 (282) 19
-2 110 8 Milled 74 (51 26 30 431 (297) 18
-3 110 8 Milled 76 (52) 25 31 459 (316) 17
-4 110 8 Milled 73 (50) 26 32 420 (290) 19

%Pfopellangnheld 20% constant strain for 168 hours at 77°F (298°K)



TABLE 20. - PRE-PREG MATERIALS USED IN TEST NGCZZLES

DESIGNATION SUPPLIER REINFORCEMENT RESIN WHERE USED

4RXD0O2 (4K9502) % Hexcel 8.5 oz Canvas Duck SC 1008 Entrance Overwrap (21i,2f)
Exit Cone (1,2)
Exit O'wrap (2)
Throat O'wrap (2i, 2f)

MX-2600-96 Fiberite C-100-96 Silica SC 1008  Approach (2i,2f)
' Entrance (21i)
Throat (2i)
Throat Extension (2)

MXA-6012 Fiberite Crocidolite Asbestos SC 1008 Entrance O'wrap (1)
Exit O'wrap (1)
Throat O'wrap (1)

MXSC-195 Fiberite Averam C/S SC 1008 Entrance (1,2f)
(Carbon-Silica) Throat (1,2f)
Throat Extension (1)

SP-8030-96 Armour C-100-96 Silica EC 201 Approach (1)

* A more recent designation of the same material.



TABLE 21.

~ PRE~-PREG MATERIAL PROPERTIES

Resin Content, Volatile Content,

Material Lot No. % ’ % Flow, %
4KXDO2 50314 40.5 6.6 7.6
(4K9502) 40.9 6.5 8.0
41.7 5.2 6.9

50422 47.3 8.0 16.8

47.3 7.8 17.8

43.8 7.1 14.9

50903 41.4 8.3 10.2

DESIRED 36 - 44 7.5 Max 5 - 17

MX-2600-96 H-579 31.2 4.8 10.8
31.7 4.9 10.8

31.1 4.4 11.4

J-267 31.5 4.5 11.3

DESTIRED 29 - 35 6.0 Max g - 15

MXA-6012 7786 45.6 8.9 11.0
45.6 9. 10.3
DESIRED 44 - 50 12.0 Max 7 - 14

MXSC-195 H-512 38.0 4.4 5.8
39.0 5.8 8.6

40.5 5.8 9.9

40.6 5.6 9.3

J-268 43.9 5.5 9.8

42.1 5.9 9.9

DESIRED 37 - 44 9.0 Max 4 - 10

SP-8030-96 A-2294 30.5 5.4 18.2
29.7 5.4 7.1

30.9 5.5 14.9

DESIRED 29 - 35 6.0 Max 8 - 15



Component

Approach

Entrance

Ent. O'wrap

Throat

Throat O'wrap

Throat Ext
Exit Cone

Exit O'wrap

2i
2f

2i
2f

Material

SP-8030-96
MX-2600-96
MX-2600-96

MXSC-~195
MX-2600-96
MXSC-195

MXA-6012
4KXD02
4KXDO2

MXSC-195
MX-2600-96
MXSC-195

MXA-6012
4KXDO02
4KXD02

MXSC-195
MX-2600~-96

4KXD02
4KXDO2

MXA-6012
4KXDO2

*1
2i
2f

LI |

First Nozzle
Second Nozzle, Initial Configuration
Second Nozzle, Final Configuration

TABLE 22.

- FABRICATION DATA FOR NOZZLE COMPONENTS

Tape Temp. Roller Press As-Wrapped Density Debulk Temp., Debulk Pregs. Debulk
°F K 1bf/in. N/cm 1b/cu ft gr/cu-cm °F K psi M/em” Time, min
200 366.5 275 480.4 0.051 1.41 175 352.6 250 172.4 150
182 356.5 200 349.4 0.056 1.55 168 348.7 250 172.4 130
182 356.5 200 349.4 0.059 1.63 180 355.4 245 168.9 135
211 372.7 300 525.3 0.047 1.30 175 352.6 250 172.4 150
185 358.2 275 480.4 0.056 1.55 168 348.7 250 172.4 130
190 360.9 150 262.6 0.048 1.33 180 355.4 245 168.9 135
182 356.5 275 480.4 - - - —-— - - -
205 369.3 200 349.4 - - - - - — -
190 360.9 200 349.4 - — - - - - -
204 368.7 165 288.3 0.049 1.35 167 348.2 235 162.0 130
176 353.2 250 436.8 0.057 1.58 190 360.9 240 165.5 150
184 357.6 200 349.4 0.050 1.38 175 352.6 240 165.5 150
208 370.9 300 525.3 - - - - - - -
209 371.5 300 525.3 - - - - —— - ——
190 360.9 200 349.4 - o — —-— - - —_
180 255.4 167 291.7 0.050 1.38 170 349.8 240 165.5 130
206 269.8 250 436.8 0.056 1.55 185 358.2 245 168.9 150
215 374.8 180 314.5 0.045 1.24 170 349.8 240 165.5 130
230 383.2 200 349.4 0.044 1.21 185 358.2 245 168.9 150
190  360.9 300  525.3  —- - N — R — -
200 366.5 300 525.3 - -— - - — — -

Cure Temp., Cure Press. Cure
°F K psi N/cm? Time, min.
300 422 250 172.4 180
305 424, 240 165.5 195
320 433. 232 159.9 165
300 422 250 172.4 180
305 424, 240 165.5 195
320 433. 232 159.9 165
300 422 250 172.4 180
305 424, 240 165.5 195
320 433. 232 159.9 165
300 422 250 172.4 185
305 424, . 240 165.5 190
320 433, 232 159.9 165
300 422 250 172.4 185
305 424, 240 165.5 190
320 433, 232 159.9 165
300 422 235 162.0 165
305 424, 250 172.4 195
300 422 235 162.0 165
305 424, 250 172.4 195
300 422 235 162.0 165
305 424, 250 172.4 195



TABLE 23. - BILLET TAG-END PROPERTIES

Hargness, Uncured Volatile
Material Component Spec. Grav. r Resin, # Content, 7%
LKXDO2 Entr. O'wrap (21) 1.33 109 0.78 4,88
2f) 1.33 106 0.70 4.9
Throat O'wrap (2i) 1.32 104 0.52 5.12
(2£) 1.36 101 0.49 4.8
Exit Cone (L 1.32 107 0.71 5.2
(2) 1.34 104 0.57 5.09
Exit O'wrap (2) 1.33 105 0.61 4,78
(2) 1.34 105 0.70 4.70
Target 1.32(min) 111 (min) 0.50(max) 4.0/6.0%
MX-2600~96 Approach (21) 1.72 123 0.31 0.58
(2£) 1.70 123 0.17 0.76
Entrance (24) 1.72 123 0.31 0.58
Throat (21) 1.71 123 0.22 0.75
Throat Exten. (2) 1.71 123 0.22 0.73
SP-8030-96  Approach (1)  1.69 118 0.50 3.4
Target 1.69(min)  120(min) 0.50 (max) 4.0 (max)
MXA~-6012 Entr. O'wrap (1) 1.78 117 0.52 2.9
(1) 1.77 117 0.55 2.9
Throat O'wrap (1) 1.73 114 0.56 4.0
Exit O'wrap (L 1.74 116 0.54 3.6
(1) 1.75 116 0.51 3.2
Target 1.59(min) 112 (min) 0.70(max) 4.0(max)
MXSC~-195 Entrance (1) 1.51 123 0.25 2.5
(2%) 1.51 122 0.14 3.3
Throat (D 1.52 117 0.23 1.9
(2£) 1.52 124 0.14 3.3
Throat Exten (1L 1.53 125 0.19 1.02
Target 1.50(min) 124 (min) 0.50(max) 4.0(max)

* Volatiles limit in cured part increased from 4.0% to 6.0% on second exit cone.



TABLE 24. - MECHANICAL PROPERTIES OF SP-8030-96 SILICA COMPOSITE

Temperature Ply : Moduéus - 0.27% Yieéd Str.3 Ult, Stgength : Strain to
Property °F °K Orient. psi x 10 MN/cm psi x 107 KN/em™ psi x 10~ KN/cm Failure, 7
Tension 75 297 Parallel 0.86 0.59 7.43 5.12 7.53 5.19 2.44
75 297 Parallel® 1.9 1.3 - - 6.8 4.7 -
75 297 Normal 0.20 0.14 - - 1.04 0.72 0.59
75 297 45-degrees 0.38 0.26 - - 1.29 0.89 0.52
1750 1227.5 Parallel 0.62 0.43 - - 1.40 0.97 0.29
Compression 75 297 Parallel 1.54 1.06 9.03 6.23 16.35 12.72 2.92
75 297 Parallel* 1.45 1.0 - - 15.9 9.6 -
75 297 Normal 1.33 0.92 25.65 17.68 42,13 29.04 4,58
45-degrees 1.23 0.85 19.90 13.72 32.50 22.41 4.52
Shear 75 297 Parallel 0.0175 0.012 - - 1.70 1.17
75 297 Normal 0.075 0.052 - - >2.64 >1.82 -
1750 1227.5 Parallel 0.01 0.007 - - 0.36 0.25 -

*Report AFRPL-TR-67-310



TABLE 25.

- MECHANICAL PROPERTIES OF MXSC~195 CARBON-SILICA COMPOSITE

Temperature Ply Moduéus 5 0.2% Yie%d Str.3 Ult. Stgength > Strain to
Property °F °K Orient. psi x 100 MN/cm psi x 10”7 KN/em™ opsi x 10~ KN/cm Failure, %
Tension 75 297 Parallel 1.39 0.96 - - 9.51 6.56 0.70
75 297 Parallel#® 2.2 1.5 - - 8.83 5.4 -
75 297 Normal 0.23 0.16 - - 1.08 0.74 0.49
75 297 45-degrees  0.45 0.31 - - 2.17 1.50 0.65
Compression 75 297 Parallel 2.20 1.5 - - 23.40 16.13 1.23
75 297 Parallel* 2.2 1.5 - - 20.7 14.3 -
75 297 Normal 1.64 1.13 31.6 21.79 37.10 25.48 2.84
75 297 45-degrees  1.56 1.08 - - 22.50 15.51 1.58
2500 1644 15-30%%* - - - - 6.0 4.1 -
degrees
3000 1922 15-30%% - - - - 1.76 1.2 -
degrees
Shear 75 297 Parallel 0.036 0.025 - ~ 1.69 1.17 -
Normal - - - - -

*Report AFRPL-TR~-67-310 (4C 2530 Material)
#*Report AFRPL-TR~-67-310 (X-5571 Material)



TABLE 26. - MECHANICAL PROPERTIES OF 4KXD02 CANVAS COMPOSITE

Temperature Ply Modugus ; 0.2% Yieﬁd Str.3 Ult. St;ength - Strain to
Property °F °K Orient. psi x 107 MN/cm psi x 107 KN/cm~ psi x 10 KN/cm Failure, %
Tension 75 297 Parallel 0.46 0.32 6.84 4,72 8.83 6.09 3.78
75 297 Parallel®* 0.84 0.58 - - 8.59 5.9 -
75 297 Normal 0.36 0.25 1.92 1.32 2.49 1.72 1.50
1750 1227.5 Parallel 0.44 0.30 - - 1.97 1.36 0.45
Compression 75 297 Parallel 0.95 0.65 5.69 3.92 21.3 14.68 10.29
75 297 Parallel® 0.76 0.52 - - 22.8 15.7 -
75 297 Normal 0.42 0.29 6.54 4,51 39,7 27.37 22.4
1750 1227.5 Normal 0.61 0.42 - - 8.31 5.73 1.58
2750 1783 Normal 0.52 0.36 - - 9.43 6.50 2.02
Shear 75 297 Parallel 0.038 0.026 - - 2.26 1.56 -
Normal 0.052 0.036 - - >4.77 >3.29 -
1750 1227.5 Parallel 0.012 0.008 - - >0.53 >0.37 -

*Report AFRPL-TR-67-310 (KF-418 material)



TABLE 27. - IBT-106 BOND TEST DATA

DPT Shear
Egi_(N/cmz) psi (N/cm?)
[ IBT-106 (Uncured) to IBT-106 (Cured) 500 (345) 500 (345)
24 V-44 /Epon 921/IBT-106 (Cured) 414 (285) 313 (216)
3. IBT-106 (Uncured)/162-Y-22%/Steel * *
162-Y-22 Condition
a. Untreated 423 (292) 426 (294)
B Contaminated 399 (274) 418 (289)
c. Uncontaminated and Tric Wipe' = =
ds Contaminated and Tric Wipe 431 (297) 477 (324)
e. Untreated (3 to 4 times 371 (255) 280 (193)
normal thickness)
£ Apply directly to plates before - 485 (334)

normal 30 min. standing time.

NOTE: Plates on all samples bent during test. Failure occurred
in the IBT-106 material.

* Fuller Epoxy Resin Primer

Lot Mfg.
A-7-11N 5-14-68
A-7-11N 5-21-68

These materials were from the same lots as used
in Motor LCAN-01



TABLE 28. - BALLISTIC PERFORMANCE SUMMARY, MOTOR LCAN-02

Ignition Delay, sec

Ignition Interval, sec

Maximum Pressure, psia (N/cmz)

Web Action Time (tb), sec

Action Time (ta), sec

Total Time (tt), sec

Average Chamber Pressure (web) (Pcb),psia (N/cmz)
Average Chamber Pressure (action) (Pca), psia (N/cmz)
Impulse, Web (Ib), lb-sec (N-sec)

Average Thrust, Web, (Fyb), Ibf (N)

Burning Rate (rb), in./sec (cm/sec)

For First 28.6 sec of Operation (Prior to
Nozzle Burnthrough)

Average Pressure (Pcf)’ psia (N/cmz)
Average Thrust (Fyf)’ 1bf (W)

Impulse, (If), lb-sec (N-sec)

Specific Impulse (IS (mc))’ sec (N-sec/kg)

Cf {me)

*Not a valid indication of motor performance
due to nozzle malfunction at 28.6 sec.

0.075
0.125
616
38.33
48.33
59.42
500
432
3,877,531=%
85,758%*
0.258

522
107,792
2,910,215
207.95
1.4194

(425)

(345)

(298)

(17.25 x 10%)
(382,000)
(0.655)

(360)
(480,000)
(12.9 x 10%
(2080)



TABLE 29. - LCAN-02 NOZZLE MATERIAL PERFORMANCE SUMMARY

Total
@ Axigl(z) IZiZ;al Radial g;iik léifniﬁaz) fiﬁi, Tcﬁfik ]t“"ss Ratet(milS/iec) basff on 4
Component  Material Station Ratio  Location in. in. in. in. _bt __ b _a_ £
Entrance IBT-100 A -3.37 45° 2:61 1:93 0.68 0.30 14.3
IBT-100 B =2 597 261 1.70 0.91 0. 32 18.8
IBT-100 c =2.61 2,61 1.50 i 1 033 23.0
IBT-100 D =2+ 32 1.66 0.35 1531 0.18 27.0
Silica 0.81 0.81 0 0 0
IBT-100 E -2.09 1.05 0 1.05 - 32.0 (5)
Silica 0.78 0.59 0.19 0.20 35.0
C-Si 037 0:37 0 - 0
IBT-100 F -1.86 0.55 0 0.55 - 38.0 (5)
Silica 0.52 0 0.52 = -} 29.0
C-Si 0.84 0.67 0.17 0.20
IBT-100 G ~15'75 0.24 0 0.24 - 50.0 (5)
Silica 0.10 0 0.10 - } 26.3
C-Si 1.31 0.53 0.78 0.53
C-Si H =132 1.48 0::55 0.93 0.55 24.3 19.2
C-si I a5 1.49 0.58 0.91 0.58 23.8 18.8
IBT-100 A —3.:37 200° 2561, 1.60 1.0% 0.27 20.8
B -2:97 2.61 1.24 1.37 0.32 28.4
c =261 2.61 1.03 1.58 0.25 32\
D —2...32 1.66 0 1.66 S 34.4
Silica 0.81 0.81 0 0.24 0
C-Si Pt. of -2.00 1.25 0 1.25% - 53.5(6)
Failure (est.) o/wW
Throat C-si J -1.05 Area 1.42 0.68 0.74 0 25.8 19.3
K oo . L2 1.03 0.3  0.16 13.6  10.2
L 1.06 Matl. 1.10 0.73 0.:37 0.16 12,9 9l
M 1.13 Loss 1.00 0.69 0.31 0.17  10.8 8.1
Exit Cone Silica N 1.23  Unknown 0.985(7) 0.550 0.435 0.09 11.3 9.5
0 1.42 0.960 0.540 0.420 0.10 11.0 9.2
P 1.60 0:935 0.560 0.375 0.10 92::8 8.2
Q 1: 76 0.925 0.580 0.345 0.12 9.0 7:5
Si/Canvas R 1.95 0.910 0.550 0.360 0.08 9.4 79
Canvas S 2.40 0.870 0.665 0.205 0.11 5.4 4.5
T 2.05 0.900 0.559 0.341 0.08 8.9 7.4
U 3.50 0.750 0.660 0.090 0.14 2.4 2.0
v 4.46 0.640 0.598 0.042 015 1.1 0.9
W 5.50 0.590 0.555 0.035 0.15 0.9 0.8

NOTES : (1) Silica phenolic was MX-2600-96; carbon-silica was MXSC-195; canvas—duck was 4KXDO2.
(2) Refer to Figure 43.
(3) IBT-100 values reflect virgin material (char removed).
(4) te = 28.6 sec (time of initial burnthrough).

tb = 38.3 sec (web action time).
ta = 48.4 sec (action time).
tf = 45.8 sec (time of exit cone separatiom).

(5) IBT-100 erosion rate estimated and used to calculate ablative liner exposure time.
(6) Based on 23.6 sec (assumes 5 sec required to burn through overwrap and steel).
(7)  Excluding overwrap.

Data not converted to S.I. Units for sake of clarity.



TABLE 30. — COMPRESSIVE STRENGTH OF CHARRED CARBON
SILICA IN 45 DEGREE~-TO-PLY DIRECTION

Specimen from Strength, psi (N/cmz)

LCAN Entrance Ring 1800 (1240)
(MXSC-195)

2010 (1385)

1180 (813)

2320 (1600)

2790 (1922)

Average 2020 (1392)

LCFT Throat No. 16 1560 (1075)
(MX5C~195)

990 (683)

3330 (2293)

1700 (1172)

2150 (1481)

Average 1946 (1341)



TABLE 31. - COMPARISON OF NOZZLE ENTRANCE CONDITIONS AND CONFIGURATION

BETWEEN ALGOL IIB AND LCAN-02

Nozzle Throat Diameter, in. (cm)

Motor Port-to-Throat Ratio (initial)
Gas Velocity at End of Grain (Mach No.)

Temperature of Combustion Gases at 1000

psia [690 N/cm2], theoretical

Propellant Solids Content
Ammonium Perchlorate
Aluminum

Nozzle Entrance Ins. Material

Wrap Orientation, Ref to Nozzle
Center Line

Algol
11.78 (29.9)

1.44
0.142

5480°F (3300°K)

80

61

19
Refrasil

(AGC-10803)

35° Upstream
Perpendicular
to Gas Flow)

LCAN
13.00 (33.0)
1.34
0.183

5463°F  (3290°K)

84
69

15
Silica and
Carbon—-Silica
Phenolic

70 + 5°



TABLE 32. — EFFECT OF NOZZLE EROSION RATES ON 260/SIVB
VEHICLE PAYLOAD CAPABILITY

Nozzle Throat Payload for 105 NM
Erosion Rate, (195 Km) Orbit, Change in
mils/sec (cm/sec) 1b (Kg) Payload, %
6 (0.015) 94,675 (43,000) 0
(Base Case)
10 (0.025) 93,721 (42,500) -1.0
15 (0.038) 92,451 (42,000) -2.3
20 (0.051) 91,206 (41,300) -3.7
25 (0.063) 89,954 (40,800) -5.0
25 (0.063) 91,045 (41,250) -3.8

{Modified Grain)



TABLE 33. ~ 260-IN.-DIA (6.6 m) MOTOR WEIGHT AND COST INCREASE

Nozzle Throat
Erosion Rate,
mils/sec (cm/sec)

6 (0.015)

(Base Case)

10 (0.025)
15 (0.038)
20 (0.051)
25 (0.063)
25 (0.063)

(Modified Grain)

REQUIRED TO ACHIEVE BASELINE PAYLOAD

Motor Weight
Increase for

Equal Performance, 1b (Kg)

52,900
121,300
189,700
258,100

181,500

(24,000)
(55,200)
(86,100)
(117,200)

(82,500)

%
Motor Cost

Increase, §

98,400
225,600
352,800
480,100

337,600

*Assumes motor cost increase at a rate of $1.86 per 1b ($4.10 per Kg)



TABLE 34. — ABLATIVE MATERIAL COST COMPARISON
FOR 260-FL NOZZLE DESIGNS

Ablative
Where Used Material
Throat and Carbon

Hi Loss~Rate
Areas

Medium Loss~—
Rate Areas

Carbon-Silica
Silica (Hvy wt)

Carbon-Silica
Silica (Hvy wt)

Exit-Cone,0/W, Silica (Std)

and Low Loss-
Rate Areas

To

Nozzle Mt

Added Motor Cost for

Equal

Silica (Hvy wt)
Canvas-Duck
Asbestos

tal Material Cost

(4)

1 Cost Savings

&)
Payload

Realized Net Cost Saving

NOTES: (1)
(2)
(3

(4)
(5)

Material Costs for 260-FL

Nozzle (1005017)

Adjusted Alt. Alt. Alt.
Baseline Baseline No. 1 No. 2 No. 3
(1) (2) (3)
$223,540 $203,000 $ 57,100
$159,000
$ 75,550
79,870
210,950
182,550 25,510
' 48,250 55,340 52,340
8,000

$434,490 $385,500 $215,250

- 48,990 219,240

- - 140,000

- $ 48,990 $ 79,240

From low cost study conducted on NAS7-513.
Baseline design adjusted for best current and competitive prices.
Alternate design from NAS7-513, adjusted for best current and

competitive prices.

Compared to baseline design.
From Figure 49 based on expected throat loss rate.

$130,890 $214,820

303,600 219,670

282,000 -

$ 21,600 $219,670



TABLE 35. - EXHAUST GAS COMPOSITION - ANB-3374 PROPELLANT (HTPE)

HC1 0.4971
'Nz 0.3030
H,0 0.7015
H, 0.8883
0, 0.0009
0 0.0029
OH 0.0408
c1 0.0425
NO 0.0032
c1, 0.0001
H 0.1113
co 0.7873
co, 0.0772
PN 0.0015
PO ‘ 0.0071
Al 0.0002
Alcl 0.0085
AlCL, 0.0213
AlC1, 0.0006
A1,0, 0.2626
FeCl 0.0112

*Moles/100 gm of propellant at 1000 psia (690 N/cmz)
chamber pressure and 5742°F (3440°K)



TABLE 36. - WEIGHT SUMMARY, FULL-SCALE NOZZLE

Calculated Weight

Component Material ngiic A;;?iiiped giiill
1b (kg) 1b (kg)
Closure Ins. Canvas-Duck Bias 1,263 575 1,104 502
Submerged Liner Canvas~Duck Warp 804 365 675 306
Carbon Warp 630 286 517 235
Nose Insert Carbon Bias 819 372 561 255
Nose O/W Canvas-Duck Bias 33 15 28 13
Entrance Insert Carbon Bias 777 353 599 272
Entrance 0O/W Canvas-Duck Bias 58 26 48 22
Throat Carbon Bias 1,647 - 1,357 616
Throat O/W Canvas-Duck Warp 567 257 515 234
ALt Closure IBT-100 - - - 3,035 1,380
Insulator
Nozzle Shell HY-150 - - ~ 6,614 3,005
Throat Support HY~-150 - - - 3,837 1,743
BO;;ZimAGhESive; B _ _ B 64 29
Basic Nozzle Weight 18,954 8,610
Flex Seal Assembly 4,426 2,010

Total Nozzle Weight

23,380 10,610



TABLE 37. - EXIT CONE WEIGHT SUMMARY

Calculated Weight

As-Wrapped Final
Component Part Material Billet Part
1b (kg) 1b (kg)
Forward Exit Housing 4130STL - - 3,558 1,617
Cone Aft Flange 4130STL - - 794 361
Fwd Liner Carbon 1,483 675 1,143 521
Aft Liner Canvas—duck 2,336 - 2,296 1,042
Insulator/ Canvas-duck 415 - 377 171
Overwrap
Structural Glass 1,162 528 1,056 480
Overwrap
A@hesive; _ _ _ 40 18
Misc.
Sub-total 9,204 4,210
Aft Exit Fwd Flange 4130STL - - 899 408
Cone Liner Canvas-duck 7,908 - 6,823 -
Structural Glass 3,575 - 3,250 -
Overwrap
Aqhesive; 3 _ _ 60 B
Misc.
Sub-total 11,032 5,020
Exit Cone Total Weight 20,296 9,175



TABLE 38. - THERMAL ANALYSIS STATIONS AND BOUNDARY

Nozzle Location

CONDITIONS - FULL-SCALE NOZZLE

_in,

59.

52,

47

59.

65.1

70.

76.

99.

123,

.5

7

Radius
Lem)
6 151
67 133.
20 119.
.88 114.
.45 113.
.78 116.
.03 119.
46 151.
12 165.
2 178.
7 194.
6 253.
9 315.

-1.80

-1.40

-1.13

-1.02

1.00

1.06

1.12

1.79

2.15

2.50

3.00

5.00

8.00

(Throat)

Local Convective Heat

Local Recovery

Transfer Coefficient® Temperature

Btu/hr-£ft2°F (W/m2°K) °R (°K).
1700 5350 6076 3380
1222 3840 6058 3370
1291 4070 6015 3350
1228 3865 5972 3320
1110 3495 5929 3300
829 2610 5820 3230
728 2295 5783 3210
567 1788 5728 3180
464 1460 5667 3150
390 1230 5648 3140
317 997 5610 3120
173 545 5520 3070
105 331 5445 3030

2
% At chamber pressure of 514 psia (354 N/cm™)

%% Chamber stagnation temperature = 6094°R (3390°K)



TABLE 39. - HEAT TRANSFER CORRECTION FACTOR SCHEDULE

Chamber Pressure2 Heat Transfer

Time, sec psia ( N/em") Factor - HTF*
0 620 427 1.161
35 650 448 1.207
55 505 348 0.985
112 700 482 1.280
140 400 276 0.820

148 14.7 10

*HTF = Ratio of heat transfer coefficient at any desired chamber pressure
(Pc) to its value at PC = 514 psia (354 N/cm2).



TABLE 40. - EXPECTED PERFORMANCE OF FULL~SCALE NOZZLE

Depth from Original Surface

100°F (515.23K)

Area Erosion Char Isotherm
Component Station Material Ratio in. (cm) in. (cm) in. (cm)
Nose Insert 1 Carbon Phenolic -1.80 1.53 (3.87) 1.78 (4.52) 2.36 (5.99)
Nose Insert 2 Carbon Phenolic -1.40 1.06 (2.69) 1.36 (3.45) 2.05 (5.21)
Entrance Insert 3 Carbon Phenolic -1.13 1.09 (2.77) 1.38 (3.51) 2.10 (5.33)
Throat Insert 4 Carbon Phenolic -1.02 1.01 (2.57) 1.32 (3.35) 2.06 (5.23)
Throat Insert 5 Carbon Phenolic Throat  0.88 (2.24)  1.20 (3.05) 1.90 (4.83)
Throat Insert 6 Carbon Phenolic 1.06 0.58 (1.47) 0.96 (2.44) 1.85 (4.70)
Fwd Exit Cone 7 Carbon Phenolic 1.12 0.48 (1.22) 0.89 (2.26) 1.82 (4.62)
Fwd Exit Cone 8 Carbon Phenolic 1.79 0.32 (0.81) 0.80 (2.03) 1.80 (4.57)
Fwd Exit Come 9 Carbon Phenolic 2.15 0.22 (0.56) 0.73 (1.85) 1.78 (4.52)
Fwd Exit Cone 10 Canvas—-Duck Phenolic 2.50 1.16 (2.95) 1.28 (3.25) 1.52 (3.86)
Fwd Exit Cone 11 Canvas—-Duck Phenolic 3.00 0.93 (2.36) 1.08 (2.74) 1.37 (3.48)
Aft Exit Cone 12 Canvas—-Duck Phenolic 4,00 0.35 (0.89) 0.59 (1.50) 1.04 (2.64)
Aft Exit Cone i3 Canvas~Duck Phenolic 5.00 0.27 (0.69) 0.52 (1.32) 1.01 (2.57)
Aft Exit Cone 14 Canvas—-Duck Phenolic 6.50 0.19 (0.48) 0.48 (1.22) 0.97 (2.46)

Aft Exit Cone 15 Canvas—-Duck Phenolic 8.00 0.15 (0.38) 0.45 (1.14) 0.95 (2.41)



TABLE 41, - STRUCTURAL MATERIAL PROPERTIES

ProEertX

Yield Strength, ksi (KN/cmz)

Ult., Tensile Strength, ksi (KN/cmz)

Ult. Shear Strength, ksi (KN/cmz)

Young's Modulus, psi x 106 (MN/cmz)

Poisson's ratio

HY-150 Steel
136 (93.7)
149 (103)
89.4 (61.5)
29.5 (20.3)
0.30

4130 Steel
70 (48.2)
90 (62.0)
54 (37.2)
29.0 (20.0)
0.30

184 Glass Cloth
Epoxy Resin

47.4 (32.6) (hoop & axial)

40.5 (27.9) (radial)

5.0 (3.5)

3.9 (2.7) (hoop & axial)

3.3 (2.3) (radial)

0.125



TABLE 42, - CARBON PHENOLIC MATERIAL PROPERTIES

Temperature, °F
Property 80 100 200 600 1000 2000 3000 3900

Modulus, psi x lO~6

Axial and hoop (1) 2.30 2.18 1.86 1.40 1.27 1.10 0.30 0.001
(2) 2.00 1.90 1.65 1.25 1.17 1.00 0.30 0.001
Radial @h) 1.60 1.55 1.25 0.95 0.80 0.75 0.25 0.001
(2) 1.68 1.60 1.39 1.05 0.98 0.84 0.25  0.001
Poisson Ratio
Radial/axial 0.08
Radial/hoop 0.15
Coefficient of Expansion,
in./in./°F x 103 0.34 0.34 0.38 0.36 0.01 0.01 0.01 0.01
Ultimate Tensile Strength, ksi
Parallel to ply 17.0 17.2 18.0 14.0 6.0 e NIL
17° to ply 6.0 5.8 5.1 3.2 0. NIL
Perpendicular to ply 2.6 2.5 2.5 1.4 0.4 NIL
Ultimate Compression Strength, ksi
Parallel to ply 44,0 43,0 36.5 13.0 4.0 NIL
Ultimate Interlaminar
Shear, ksi 2.6 2.5 2.2 1.4 0.4 NIL
(1) Data from parts wrapped parallel to center line. (Data not converted to SI units for

(2) Data from parts wrapped 50° to center line. sake of clarity)
y



TABLE 43. - CANVAS DUCK-PHENOLIC MATERIAL PROPERTIES

v Temperature, °F
Property 80 100 200 300 600 750 1000 1750 4000

Modulus, psi x 107°

Axial and hoop 0.95 0.92 0.81 0.75 0.65 0.59 0.50 0.29 0.00
Radial 0.43 0.41 0.31 0.25 0.15 0.12 0.08 0.03 0.00

Poisson Ratio

Radial/Axial _ 0.25
Radial/Hoop 0.25
Coeff. of Exp. in./in./°F x lO5
Axial and hoop 0.38 0.38 0.38 0.38 0.04 -0.056 -0.14 -0.114 -0.001
Radial 0.015 0.015 0.015 0.015 ~-0.016 -0.022 -0.028 ~-0.021 ~0.001

Ultimate Tensile Strength, ksi

Parallel to ply 8.83 8.75 8.34 7.93 6.68 6.08 4.72 1.97 NIL
Perpendicular to ply 2.49

Ultimate Comp. Strength, ksi

Parallel to ply 21.3 21.1 20.0 19.1 16.0 14.5 12.0 4.46 NIL

Perpendicular to ply 39.7 39.2 37.3 35.6 30.1 27.4 22.6 8.3 NIL
Ult. Interlaminar Shear, ksi 2.26 2.23 2.15 2.02 1.72 1.57 1.31 0.53 NIL
NOTE:

Data not converted to SI units for sake of clarity.



TABLE 44. - MAXIMUM STRESS AND STRAIN CONDITIONS IN EXIT CONE
THERMAL STRESS ANALYSIS SUMMARY

Calculated
Area Ratio Stress 7 Ultimate Factor
Component Location Material psi (N/em™) Direction °F (°K) Stress of Safety
Fwd Liner 1.8 Carbon 2290 (1580) Hoop Comp. 550 (566) 15940 6.96
2.3 Carbon 840 (579) Hoop Tens. 80 (300) 17000 High
2.2 Canvas 340 (234) Hoop Tens. 80 (300) 8833 High
2.3 Canvas 1340 (923) Hoop Teﬁs. 1500 (1088) 2997 2.24
2.4 Canvas 1300 (895) Hoop Tens. 1000 (812) 4723 3.63
Overwrap 2.5 Glass 1950 (1345) Hoop Tens. 80 (300) 47378 High
Steel Housing 2.4 4130 12000 (8260) Hoop Tens. 80 (300) 90000 5.76
Aft Flange 3.6 4130 11500  (7930) Hoop Tens. 80 (366) 90000 6.02
Strain. % Allowable
——1 Strain
Fwd Liner g : 9
2.23 Canvas 0.206% Hoop Strain 1500 (1082) 0.25% 1.21

Mtl. Transition

NOTES: a. Ablative thermal gradient existing at end of firing in conjunction with
MEOP loads earlier in firing used as input conditions.
b. Factor of safety 1.3 x limit stress-vs~ultimate for structural components.
1.0 x limit stress~vs~ultimate for ablative components.

i



TABLE 45. -~ FULL SCALE NOZZLE COST SUMMARY

L. Nozzle
A. Ablative Materials(l)
B. Steel Components (net wt x $20/1b)
C. Expendable Materials
D. Direct Labor (9,488 hr at $5.87/hr)
E. Direct Labor Overhead at 174%
F. Tooling for Ablative Components(z)
G. Tooling for Steel Components(z)
H. Facilities
I. G&A at 8.5%
Subtotal
Profit (10%)
Total
IT. Exit Cone
A. Ablative Materials(3)
B. Steel Components
C. Expendable Materials
D. Direct Labor (4,074 hr at $5.87/hx)
E. Direct Labor Overhead at 174%
F. Tooling for Ablative Components(z)
G. Tooling for Steel Components(z)
H. Facilities(z)(é)
I. G&A at 8.5%
Subtotal
Profit (10%)
Total
UNIT COST
WITH FLEXIBLE SEAL
(D includes IBT-100 Closure Insulation
(2) Pro-rated on the basis of 30 units (6/yr for 5 yr)
(3) Includes glass-phenolic structural overwrap

(4)

8 97,407
209,020
2,500
55,695
96,778
8,145
4,520
$514,404
5565, 844

$ 66,278
107,040
3,000
23,914
41,555
9,639
2,740
34,473
24,534
$303,173
30,317
$333, 490

$899,334
$961,600

Some facilities included herein also will be used on nozzle fab.



TABLE 46. -~ ABLATIVE MATERIAL COST SUMMARY

Total Weight(l)(z)
Material Cut 1b (Kg) Cost/1b Cost
1. Nozzle Carbon Phenolic RBias 3,405 (1,550) 21.50 $ 73,208
Warp 662 (301) 20.00 13,240
Canvas-Duck Bias 1,422 (646) 3.30 4,693
Phenolic Warp 1,440 (654) 1.80 2,592
IBT-100 - 3,340 (1,517) 1.10 3,674
Subtotal $ 97,407
II. Exit Carbon Phenolic Warp 1,557 (707) 20.00 31,140
Cone
Canvas~Duck Warp 11,507 (5,230) 1.80 20,713
Phenolic
Glass Phenolic Warp 4,974 (2,260) 2.90 14,425
Subtotal S 66,278
TOTAL $163,685

(1) Gross as-wrapped billet weight plus 5% for scrap loss and contingency.
(2) IBT-100 weight includes 10% scrap loss; cost includes application.



TABLE 47. - PRE-PREG PRICES APPLICABLE TO FULL-SCALE

ABLATIVE NOZZLES

Reinforcement Resin
98% Carbon Fabric Phenolic
98% Carbon Fabric Chopped Phenolic
98% Carbon Fibers, Chopped Phenolic
98% Carbon Fibers, Chopped Epoxy-Novolac
987 Carbon Fabric Polyphenylene
98% Carbon Fabric, Chopped Polyphenylene
98% Carbon Fabric : Epoxy-Novolac
867 Carbon Fabric | Epoxy-Novolac
C-100-48 Silica Fabric Phenolic
C-100-96 Silica Fabric Phenolic
Silica Fabric, Chopped Phenolic
Silica Fabric, Chopped Epoxy-Novolac
C-100~96 Silica Fabric Polyphenylene
AVCERAM C/S Fabric Phenolic
AVCERAM C/S Fabric, Chopped Phenolic
AVCERAM C/S Fabric | Polyphenylene
AVCERAM C/S Fabric, Chopped Polyphenylene
Canvas Phenolic
Canvas Epoxy~-Novolac
Canvas, Chopped Phenolic
Glass Fabric Phenolic
Glass Fabric, Chopped Phenolic
KYNQOL Fabric Phenolic

*Based on 5000 1bm (2273 kg) lots.
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TABLE 48. - TOOLING REQUIREMENTS, 260-FL NOZZLE FABRICATION

Sheet 1 of 2

Estimated

Component Tool Description Cost
Fwd Exit Cone Mandrel, Wrapping $ 62,500
Mandrel Handling Aid 2,800
Ablative Handling Aid 3,200
Tracer Template (Wrap) 680
Tracer Template (Mach), 2 req'd 1,400
Ablative Storage Fixture 680
Subtotal $ 71,260
Exit Cone Aft Mandrel, Wrapping $150,000
Section Mandrel Handling Aid 7,000
Ablative Handling Aid 5,500
Tracer Template (Wrap) 2 req'd 1,400
Tracer Template (Mach) 2 req'd 1,800
Ablative Storage Fixture 800
Dam Ring 2,100
Subtotal $168,600
Nozzle Assembly Assembly Stand $ 11,600
Tracer Template 1,100
Machining Tool 1,440
Stage Drawings 9,080
Assembly Aids 3,500
Inverting Fixture ‘ 27,600

Leak Test Fixture 19,200

Subtotal $ 73,520

Exit Cone Assembly Assembly Fixture $ 12,500
Flange Pos. and Bonding Fixture, 3 req'd 15,000

Tilt Stand Adapter 12,600

Tracer Template (Mach) 3 req'd 1,200

Inspection Aids 8,000

Subtotal $ 49,300

Closure Imsulator Mandrel, Wrapping $ 28,800
Mandrel Handling Aid 1,600

Ablative Handling Aid 2,160

Tracer Template (Wrap) 450

Tracer Template (Mach) 720

Ablative Storage Fixture 300

Subtotal $ 34,030



TABLE 48.

Component

Submerged Liner

Nose Insert

Entrance Insert

Throat

- TOOLING REQUIREMENTS, 260-FL

Sheet 2 of 2

Tool Description

Mandrel, Wrapping
Mandrel Handling Aid
Ablative Handling Aid
Tracer Template (Wrap) 2
Tracer Template (Mach) 3
Ablative Storage Fixture

Mandrel, Wrapping
Mandrel Handling Aid
Ablative Handling Aid
Tracer Template (Wrap)
Tracer Template (Mach) 2
Ablative Storage Fixture

Mandrel, Wrapping
Mandrel Handling Aid
Ablative Handling Aid
Tracer Template (Wrap)
Tracer Template (Mach)
Ablative Storage Fixture

Mandrel, Wrapping
Mandrel Handling Aid
Ablative Handling Aid
Tracer Template (Wrap)
Tracer Template (Mach) 2
Ablative Storage Fixture

Subtotal

req'd

Subtotal

Subtotal

req'd

Subtotal

Total Tooling Cost

NOZZLE FABRICATION

§ 26,500

$ 21,600
1,700
1,850

400
750
400

$ 26,700

,320
2,000

,100
340
600

500

$ 2

JASIE NS )

>

$ 32,360

™,

$ 38,400
2,500
2,740

660
1,320

600

$ 46,220

$528,490



TABLE 49. - NEW FACILITY REQUIREMENTS AND ESTIMATED COST

Lathe tracer attachment

280-in.-dia vertical turning machine
Curing oven

Inspection standards

Q. C. Laboratory testing equipment
Raw material storage building

Total

Fabrication Bldg and Crane (A-DD Fab only)

Total if Aft Exit Cone Fab at A-DD

$ 4,200
625,000
215,000

40,000

120,000

30,000

$1,034,200

300,000

$1,334,200
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INTERPRET DRAWING PER #1L-STD-188,
APPLY BIL-T-16173, GRADE 3, CORRUSION PREVENTIVE COMPOUNE 1M

ACCORDAMLE $1TH AGC-38234 T0 MATING SYEEL SURFACES OF CUHAMEER
AHD MOZZLE ASSEMBLIES.

LUBRICATE PACEING WiTH VW-D-1078 SILICOHE DAKPING FLUID.
FiL GAP WiTi AGU-34076, CLASS 2 OR 3 SLALING LORPOUMD,
LUBRICATE THREADS WiTH MIL-A-907 ANTI-SEIZE COMPOUSID,

TGRE &

&, E00-148 Fid3

&, #5380 WiLE

&, §- 33 FI48

DEX HOLES OF #ATIHG COMPOWENTS SHALL BE ALIGHED AT ASSEMBLY.

LOCKWIRE N ACCORDANCE WITH @S 33540,

FOR MOTOR FIRING, REPAOVE’ AND DISCARD TWO {2 PLUGS {1128251-1}

LOCATED AT FWD FACE GF THE ,GNITER ASSY (1128253-49) AND INSTALL

THO {2) IHITIATOR CARTRIDGE ASSEMBLIES {1127506-1). &\
PRESSURE LEAK CHECK MOTOR AT 25-25 PSIG USINC BB-N~413, TYPE |, l

CLASS |, GRADE B, DRY NITROGEN AND MIL-L-25567, TYPE 1, LEAK
DETECTIOH SOLUTION, AREAS YO BE CHECKED FOR-LEAKAGE ARE:

A, JGNITER ASSEMBLY PACKING {O-RING) SEAL,

12

8. THO {2) PRESSGRE PORTS (INTERMAL IGNITER PRESSURE AND INTERMAL
CHAMBER PRESSURE) AND THE TWO (2} [NITIATOR CARTRIDGES ON THE
FWD FACE OF THE IGNITER ASSEMBLY,

€. CHAMBER YO NOZZLE FLANGE JOINT, LEAKAGE LIMITS: HO VISIBLE
EVIOEHCE OF BUBBLE FORMATION. \

PAINTING INSTRUCTIONS:

A.  PRIME/ATOUCH-UP ALL BARE EXTERIOR METALLIC SURFACES OF CHAMBER
WITH MIL-P-8585 ZINC CHROMATE PRIMER COATING IN ACCORDANCE
WITH AGC-36072, DELETE PRETREATHENT COATING REQUIREMENTS OF
AGC-36072, SECTION 3,1, . AIR DRY AT AMBIENT TEMPERATURE FOR
TWO {2} HOURS MINIAUM,

B. CLEAM ALL PREVIOUSLY PRIMED SURFACES WITH 0-1-620 1,1,1 -
TRICHLORGETHANE (SETHYL CHEOROFORM).

T, APPLY TWO (2) COATS (0.8 - 1.2 #MILS THK TOTAL} OF Y7-1-32 WHITE
TATQUER YO ALL PRIMED, UNPAINTED EXTERIOR SURFACES, DRYIMG
FHYERVAL SHALL BE 45 MINUTES BETWEEN COATYS. AIR DRY FINAL
COAT AT AMBIENT TEMPERATURE FOR EIGHTEER (18) HOURS MINIMUM,

B. DO HOT PAINT ELECTRICAL COWNECTORS, PRESSURE PORTS/PLUGS, OR
ANY INTERIOR SURFACE,

APPLY MIL-C-16173, GRADE 1, CORROSION PREVENTIVE COMPOUND IN
ACCORDANCE WITH AGC-36234 TO ALL EXTERIOR METALLIC SURFACES NOT
PAINTED.

.

TDC
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Figure 6. - Predicted Pressure and Thrust-vs-Time, LCAN Motors
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(HTERFAET ORAHIHG PLK #iL- ST 160,

REMOVE ALL BURRS AND SHARP EDGES EUUIVALENT YO 005 TO 0I5 R, UHLESS
OTHER®ISE HOTED.

SURFACE ROUGHKESS 125/, URLESS OTHIRWISL NOYED,

SURFACE CONYOUR SHALL HOT VARY FROM YHAY [STABLISHED #ITH WAX SLOPL
VARVATION NOT 10 EXCEEG A, 005 INJIH.

B .020 PH.IE
LARINATE GRIENTATION HALF- AM‘.LL WEASURED #ITH RESPECT YO LORGITUDIRAL
CEHYER LIRE OF NOZZif, SHAL

A 65% Y0 150
5. 40% YO 50°

LAKINATE ORLENYATION SHALL #E PARALLEL TO LONGITUDINAL CENTER LINE OF
NOZZLE ®ITHIN +3¢ 10 -19,

SURFACES SHALL BE COINCIDENTAL TO LAMINATE ORIENTATION WITH(N 2°
ADJACENT LINERS ARE 10 BE TAPE-WRAPPED INTEGRALLY IN THE SARE OPERATION.
TAPE SHALL 8f WRAPPED PARALLEL TO THE WRAPPING SURFACELS).

MAY BE SUBSTITUTED FOR

EQUIVALENT MATERIALS, AS SHOWN % TABLE 1,
[TERS 10 THROUGH I

ALL LINERS AMD BILLETS SHALL BE CONTROLLED BY PRODULT ENGINEERING
DRAWINGS AND MANUFACTURING OUTLINES PREPARED BY THE FABRICATOR AND
REVAEWED BY THE COGHIZANT INGIKEER, AEROJET-GEKERAL CORPORATION, PRIGR
TG FABRICATION. THE MARUFACTURING OUTLINE SHALL ALSO ENCLUDE A RECORD
OF THE BILLEY TEMPERATURE, THE TACK TEMPERATURE OF THE PREPREG MATERIAL,
AND THE UNITS OR INDEX OF TACK OR BOND STREKGIH A THE TACK JEWPLRATURE.
THE WETHDD FOR DETERMINING TACK SHALL BE DEFIRED. CLEANLINESS. FABRICA-
TION CONTROL, AND GUALITY ASSURANCE PKOVISIUNS SHALL BE th ACCORDANCE
WITH AGC-36£13. COMPOKENTS SHALL BE ALCOHUL-PENETRANT INSPECTED N

OASH

WITH G0 19755 AND TANGENTIAL-RADIDGEAPHICALLY (NSPECIED fH
LRX-103, EVIDEWCE OF SURFACE AHD INIERWAL
DEFLLYS ARE SUBJECT $0 ERGEREERING REVIE®

RCCORDANCE
ACCORDANCE WIIK 0£D HO.
BEFECTS SHALL BE WECORDED.
ACHIDH,

LINERS AKD BILLETS SRALL }M\'( PHYSICAL AHD MECHARICAL PROPLRTIES IH
ACCORDAKCE #1TH TABLE § AN

A, BE TAPE-®RAPFED AND AUTOCLAVE CURED AT 285 YO 386 P16,

4 AAVE A BINIRUR AS-WRAFPLD BENSITY OF:

1. &1 PEKCENT OF CURLD DEWSITY. FOR BIAS -TAPE-WRAPPED BILLETS

2. 93 PERCENY OF CURED BERSHIY, FOR STRAIGHT-TAPL-WRAPPLD #11LETS
€. SPECIFIC GRAVITY AND HARDNLSS PROPERIIES SHALL BE WASURID OH
€ACH END OF EACH COMPONENT. VARIATIONS GREATER THAK 3.5 PERCERY
SHALL BE SUBJLLY 1O ENGINGERING REVIE® ACTiON.
ACTUAL PROPIRTY VALUES SHALL BE DOCUMERILU

TEST SPECIMENS SHALL BE OBTAINED FROM JESY RINGS WEASURING 1.50 8Y 1.50
MINIMUM CROSS-SECTIONAL SIZE TAKEN FROM THE FOLIONING CURED ARLATIVE
COMPONENTS:

A AFY END OF TTEM lL
z FND END OF 1TEM ©
[3 FaD END OF ITEM
I. AFTEND OF JTER 2
A MINEMUM GE 1> nxtlm OF.EACH TEST RiNG SHALL PE PROVIDED FOR DELIVERY
TO AERQJET-GENERAL COR

(HSTALL ENTRANCE, THROAT, AND EXI1 CONE INSERLS, WSING AGC-34151-2
ADHESIVE, SURFACE CLEANING. COMPOKLNT FITT(KG, FROCESSING. AKD BONDING
PROCESS CONTROL SHALL BE Ih ACCORDANCE w!TH AGC 36497 AKD AS FOLLOWS:

M 1AARK PER ASD 5215-H WITH

1147606 AND APPLICABLE
HO. AND ASSIGNED

SERIAL NUMBER

/

VtN

PROTLCT F&D FLANGE FACE DURING SAHDBLASTING.

THE MACHINING CONTROL, HOZZUE COMPONEINT INSTALLATION, AND LI

TEST COWTROL REGUIREWENTS OF AGC-36497 ARE KOT REQUIRED, AHD Smu
&L BELLIED

ALl BONDLINES Swu( B UHRASGN!CAHY IRSPECTED I8 ACCORDAMCE
wITH QL0 KO, LRU-10), EVIDENCE OF VOIDS AND UNBOKDED ARTAS SHALL
8 RECORDIL AND SHML BE SUBJLCT YO ENGINLERING BEVIEW ACTION,

PROCESS GLASS OVERWRAP 1N ACCORDAWCE WITH THL FOLLOWING PROCIBURE:

A,

G.

FILL GAPS WITH AGC-34076,

REINFORCED PLASTIC AND PRIMID STELL SURFACES SHALL Bf PREPARED FOX
APPLICATION OF GLASS WRAP 1k ACCORDANCE WITH AGC-33458,

LHPREGHATE GLASS CLOTH WITH EPON 828 RESIN, CAIALYST WAY 8E AGDED YO
THE RESiH T0 RESULY §N & RUCK-TERPERATURE CURING SYSTEM,

THE {MPREGNATED GiASS CEOYH SHALL BE LAID UP CIRCUMFIRENTIALLY WIVK
OVERLAPPING JOINTS, 10 RESULT LN THE DESIGNID THICKHISS.

APPLY A VACUUM BAG OVER THE LAY-UP AND WAIKTAIK A MINIRUM OF 20 [N,
OF MERCURY,

CURL AT ROOM TEMPERATURL FCR A MINIMUR OF 48 HOURS.
OF THE CLASS WRAP SHALL BE "AS FABRICATED.”

A FLAT TEST PANEL, REPRESENTING THE OVERWRAP CONSTRUCTION, SHALL BE
PREPARED AND PROCESSED SIMULTANCOUSLY WITH THE GLASS WRAP. TENSHE
STRELGIH AND MODULUS PRGPERTIES SHALL BE DETERMINED FROM THE TEST PANEL
AKD RECORDED,

THE QUALITY ASSURANCE PROVISIONS OF AGC-36515 SHALL APPLY.

CLASS 5, SEALING COMPOUND.

THE SURFACE FINJSHK

ALL COMPONENTS SHALL BE PROTECTED FROM CONTAMINATION, CORROSION, AND

DAMACE DURILG FABRICATION,
MIL-P-116,

HANDLING, AND STORAGE 1N ACCORDANCE WITH
WETHOD Hi.

A
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DIHERWISE HOTED.

ALTI0%

TEST LOWIROL RELUTRLMERTS OF AGL 36487 ARE KOT REGUIRED, AMB SHALL
BE DELEVED.

OTE Ao PROTECT FaD FLANGE FACE DURING SARDBIASTING. 1 BEVIIOHS
KOTES: | IWTERFKEY DRAGING PER B10-STD-105, ACCORDANCE #ITH O 15258 AHD TANGENTIAL-RADIOCRAPAICALLY HESPLCTED i — : =
AECORDANCE HilH OED MO LRX-1ot  [WIDINLE OF SURFACE XHD {wTEanAl 8.  THL BACHINING CONIROL, KOZILL CONMPONENT IKSTALLATION. AKD LEAX % %‘ % e { S
¢ REBOVE ALL BURKS AKD SHARP LBGES EQUIVALENT 10 605 YD .815 %, yHLESS GEFECES SHALL §€ RECORDED. DEFECTS ARL SUBIETY YO ENGINETRING REVIE

; ’ g 12 LS BIULETS SHALL BAVE BHYSICAL ARG KECRANICAL PROPIRTEES tk C. AL BORDUIKES SHALL 6T ULTRASORICALLY INSFECIED 18 ACCORDARCE
H 3 SURFACE ROUGKNESS 175/, LKLESS GTHERKISE RotED. ECoRoAcE e s aaraLL K AU QID 0. 1RSI EVIDDLCE OF VoiDs AN UNSONDED ARERS Sithey H
2\ SURFACE COKYOUR SEALL RO VARY [ROK TEAL ESTARLISHED. 417K uaX SLo? A, BE TAPC-WRAPPED AND AUTOCLAVE CURED AT 225 10 38 BSIL, BE RECORDED AWD S YESECT 10 RGN G REVIES ALVION.
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P
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/— EROSION PROFILE
/" ,— CHAR PROFILE 1750°F)

/ 0
/ /= 100°F ISOTHERM PROFILE
/[ /

NOZZLE NO.1

DEPTH FROM ORIGINAL

AREA MATERIAL SURFACE, INCH i

RATI0 EROSION| CHAR | 100°F j :
2.73 | (BT-100 INSULATION | 1.04 - = |
-2.11 | SILICA PRENOLIC 0.61 | 0.76| 1.10 : L
L7 0.43 | 0.59 | o0.88

1,23 0.58 | 0713 1.0

o | CARBOWISILICA 0.59 | 0.73| Lol

1.23 0.37 | 053] 0.83

1.60 0.30 | 0.48 | 0.78

240 | canvas biek 0.47 | 0.63| 0.92

5.50 PHENOLIC 0.15 0.35 | 0.65

EROSION PROFILE
CHAR PROFILE (750°F)
100°F ISOTHERM PROFILE

NOZZLE NO.2
stk A DEPTH FROM ORIGINAL . T
NO D1A | AREA BATERIAL SURFACE, INCH 5 & |
) RATIO EROSION | CHAR | 100°F \’
1 21.50 | -2.73 [JBT-100 INSULATION | 1.04 - - !
2 18.88 | -2.11 0.61 | 0.76| 1.10 ]
3 | 100 -1 0.70 | 0.8 | 1.20
4 14.44 | -1.23 0.91 1.06 | 125
5 15,00 | qugy | SUHACAIRHENOLIC 0.89 | 104 | 125
6 | 14.46 | 1.23 0.60 | 0.76 | 1.10
1 16.44 | 1.60 0.45 | o.62 | 0.84
8 | 2012 2.40 CANVAS DUCK 0.50 | o.65 | 0.94
9 | 30.50 | 5.50 PHENOLIC 0.15 | 0.35 | o0.65

Figure 13A. - Thermal Response Profile, Nozzles No. 1 and 2




NOZZLE NO. 2 (MODIFIED)

Sta | » lanea| watema  PEPLiFROW ORCIRAL

NO. | DIA |RATIO > g
EROSION] CHAR | 100" F

I [2150[-2.73[181-100 _INSULATION| 1.54 | — -

2 |18.88[-2.11[SILICA PHENOLIC | ©0.6f | 0.76] 1.10

3 [17.00|-1.71 0.43 | 0.59] 0.88

4 {14.44|-1.23 CAE,E(E’S{)SL‘ILC'CA 0.58 | 0.73} 1.02

s 113.00| 1.00 0.59 | 0.73} t.01
6 |1s.44] 1.23 SILICA 0.60 | 0.76] 0.90 %
7 16,441 1.60 PHENOLIC 0.45 | 0.62] 0.77 %
8 |20.12] 2.40] CANVAS DUCK | ©.50 | 0.65] 0.83 x
9 |30.50| 5.50; PHENOLUIC 0.15 | 0.35| 0.55 %

% 60 SECONDS AFTER FIRE-SWITCH
*¥% 75 SECONDS AFTER FIRE-SWITCH

Figure 13B. - Thermal Response Profile, Nozzle No. 2
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Figure 14. - Sidewall Dispenser FLOW ADJUSTMENT
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Figure 15. - Fwd Dome Sweep Template
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Figure 16. - Aft Dome Sweep Template
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Figure 17. - Sidewall Dispenser Orientation



Figure 18,

- Aft Flange Insulation Details
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Figure 20. - Aft Step Joint and Boot, Motor LCAN-G2
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Figure 22. - Test Specimen Design
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Figure 23. - Thermal Conductivity of MXSC-195 Carbon-Silica Composite
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Figure 25. - Thermal Expansion of MXSC-195 Carbon-Silica Composite
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Figure 26. - Thermal Conductivity of 4KXD02 Canvas Composite
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Figure 27. - Specific Heat of 4KXDOZ Canvas Composite
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Figure 29, - Profile Mappine of LCAN-01 Nozzle
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Figure 30. - Thermal Sensor Assembly



Figure 31,

- View of Motor LCAN-01 Pr

or to Test Firing
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Figure 32. - Ignition Transient - Motor LCAN-01
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Figure 33. - Forward Head Configuration - Motor LCAN-0O1
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Figure 35. - Posttest View of Motor and P-3 Test Facility



Figure 36. — Chamber Fragment From Area of Major Failure
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Figure 37. - Pressure and Thrust vs Time, Motor LCAN-02




Figure 38. - Posttest View of LCAN-02 Nozzle



(cm/sec)

Material Loss Rate, mils/sec

10

14 p—
(.035)

/\Nomad
lrce

() LCAN-02 (Web Action Time)
() LCAN-02 (Burn-Thru Time)

12
(.030)

(.025)

(.020)

Basis

Design (Uncorre

for Task

III Nozzle/
cted for APC)

(.015)

(.010)

(4KXD

A (KF-418)

(.005)

1.0 2.0 3.0

.0 5

.0 6.0

Area Ratio

Figure 39. - FErosion Rate-vs-Area Ratio for Canvas-Duck Phenolic
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Figure 40. - View of Sectioned Exit Cone



Figure 41. - Nozzle Throat Section Fragments



Figure 42, - Entrance Insulation at Location of Failure
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el .
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[ -1.13 CARBOH-S 1L 1CA 0.58 0.73 1l 1.30
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Figure 43. - Posttest Nozzle Insulation Profile



Figure 44, - Charred MXSC~195 From Entrance Section Tag-End
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Figure 46. - Posttest View of LCAN~-02 Chamber
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inl.

Sidewall Imsulation (IBT-106) Matl Loss,

0.300
(0.762)

0.200
(0.508)

0.100
(0.254)

|

i

Aft Dome Ims. (IBT-101) Loss

Area Est. Exposure Mat‘;rtosa,
Ratio Time, seclt) in. 2}
3.9 52 1.00
4.5 48 0.85
5.5 40 G.45
6.7 32 0.35
%I) Excluding posttest heat-soak
2) Excluding 0.30 in. IBT-106 boot

o
AV/},

e

e

god

IBT-106 Regression in Grain Valley
Stations (0, 90, 180 and 270).

Inches (cm) Aft of Motor Igniter Boss

Figure 47. - Trowelable Insulation Performance Data

G|e

/ . Axial  Radial Orig. Posttest Mat" ]
Sta. Loc, Loc. Thick. Thick.* Loss
A 24 90° 0.280 0.182 0.098
] 34 45° 0.360 0.274 0.086
o 34 90° 0.280 0.110 0.170
D 116 180° 0.260 0.242 0.018 {invalid)
E 184 135° 0.360 0.300 0.060
F 184 180° 0.320 0.064 0.256 ]
[} 205 90° 0.190 0.015 0.175
R 212 90° 0.240 0.000 AN
1 212 135° - 0.283 -

;s d 218 90° 0.430 0.140 0.290
K 251 45° 0.360 0.198 0.158
L 251 90° 0.075 0.000 AN
M 292 T 180° 0.470 0.093 0.367 -
L} 302 180° 0.680 0.300 0.380
0 230 90° 0.120 0.000 ATl
*After removal of char and degraded material.
50 100 150 200 250 300 350
(127) (254) (381) (53G8) (635) (762) (889)
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Figure 49, - First Stage Cost Increase vs Throat Erosion Rate
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€:1.81 [N X AT
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B J L 1.250-12 UNF BOLT
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Figure 51. - Low~Cost Nozzle Design, 260-FL Motor
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Figure 52. - Low Cost Exit Cone Design, 260-FL Motor
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Figure 53. - Evosion, Char and Thermal Gradient - Full-Scale Nozzle
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Figure 55. - Predicted Thermal Response at Throat Station - Full Scale Nozzle
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I'igure 58. - Finite Element Model -
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Figure 59, - Finite Element Model, Throat Support Structure




1

186 89
185 188
184 187

Pressure QOutside Only

Nodal Radial 4+ + Axial « +

Point Disp. ins. (mm) Disp. ins. (mm)
184 -0.005091 -0.00248
187 ~0.007573 -0.00248
185 -0.00518 -0.00445
188 -007878 -0.00445
186 -0.005284 ~-0.00643
189 -0.007987 ~-0.00643

Figure 60. - Calculated Deflections at Outer Joint
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Figure 61. - Maximum Tensile Strain Distribution at Exit Cone ¢ = 2.3
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Figure 62, - Maximum Hoop Stress Distribution at Exit Cone € = 2.3
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Figure 64. - Maximum Hoop Stress Distribution
at Exit Cone ¢ = 3.85
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Canvas-Duck
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9.8-in. tape width
(24.9 cm)

— 142.3 in. dia - -
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Figure 65. - As-Wrapped Closure Insulation Billet Configuration
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Figure 66. - As~Wrapped Submerged Insert-Billet Configuration
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Figure 67. -~ As-Wrapped Nose Insert-Billet Configuration
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Figure 68. — As-Wrapped Entrance Insert - Billet Configuration
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Figure 69. - As~Wrapped Throat Insert-Billet Configuration
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Months 1 7

Vertical Turning Machine
(198-1in.-dia) |

Throat Insert®#* 1 2 3 4 5

Approach Insert#* 1 2 3 4 5

Nose Insert** 1 2 3 4 5

Vertical Turning Machine
(240-in.-dia)

Submerged Insert 1 2 3 4 5 6

Closure Insulator 1 2 3 4 5 6

Throat Insert 6

Approach Insert 6

Nose Insert 6

Vertical Turning Machine
(280-in.-dia) (new)

Aft Exit Cone 1 2 3 4 5 6

Fwd Exit Cone 1 2 3 4 5 6

Nozzle Assembly Complete ﬁ:? ﬂ:f i:f ﬁg? 1§ﬁ§?

*One New Vertical Turning Machine Required.
**One or more of these components could be subcontracted to another supplier,

%
Figure 70. - Nozzle Fabrication Schedule - Option A



Months

10

11

12

13

130-in.-dia Vertical Turning
Machine (Subcontracted)

Submerged Insert
Nose Insert

198-1in.~-dia Turning Machine
(Nozzle Prime Contractor)

Throat Insert
Approach Insert

240-1in.-dia Vertical Turning
Machine (Nozzle Prime Contractor

Closure Insulator

Forward Exit Cone Section
280-in.-dia (New) Vertical
Turning Machine at A-DD
(Aerojet Prime)

Aft Exit Cone Section

Nozzle Assembly Complete

*Subcontract 2 Components;
Fab. Aft Exit Cone at A-DD

Figure 71. -

Nozzle Fabrication Schedule -

Option B
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