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FOREWORD

The work described in this document was performed by Morton Thiokol,
Inc./Wasatch Division {MTI/WD) under National Aeronautics and Space Adminis-
tration, George C. Marshall Space Flight Center (NASA-MSFC), Contract No.
NAS8-30490, and by the Jet Propulsion Laboratory (JPL), California Institute
of Technology, by agreement with the National Aeronautics and Space Adminis-
tration under Contract No. NAS7-918, NASA-MSFC, JPL, and MTI/WD initiated a
joint subscale nozzle test program to evaluate erosion, char, and thermal
performance of polvacrylonitrile (PAN)-based and pitch-based carhon cloth-
phenolic ablative materials; ceramic fiber mat-phenolic and E-glass fiber mat-
phenolic insulator materials; and, a PAN-based carbon fiber-epoxy filament
wound structural overwrap material.

A 9.5-inch throat diameter subscaie Space Shuttle Solid Rocket Motor
(SRM) nozzle assembly was designed by MTI/WD and NASA-MSFC. A 10,000-1b pro-
pellant subscale reusable test motor was designed by JPL. Four motor-nozzle
tests were performed by JPL. The test nozzles were evaluated by MTI/WD.
Conclusions and recommendations were made by MTI/WD and NASA-MSFC. Test
reports, which include summary evaluations and analyses, an. conclusions and
recommendations, were provided by MTI/WD. The reports are included, without
change, as Appendices A, B, C, and D of this report, Finally, JPL wrote and
published this final report.

The Technical Director and Program Manager for this SRM alternate
material evaluation program was Mr, James W. Thomas, Jr., of NASA-MSFC. The
Task Manager of the MTI/WD effort was Mr. George E. Nichols. The Task Manager

for the JPL work was Mr., Floyd A. Anderson.
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ABSTRACT

Under a NASA-MSFC funded program, four subscale solid rocket motor
tests were conducted successfully by JPL to evaluate alternate nozzle
liner, insulation, and exit cone structural LJjerwrap componencs for possible
application to the Space Shuttle Solid Rocket Motor (SRM) nozzle assembly.
The 10,000-1b propellant motor tests each simulated, as close as practical,
the configuration and operational environment of the fuli-scale SRM, and had
1) & 9.5-inch initial nozzle throat diameter, (2) an operating time of
approximately 32 s, (3) an average operating chamber pressure of approximately
650 psia, (4) a »urning rate of 0.340 in./s at 650 psia and 77°F, and (5) an
average thrust of approximately 75,000 1ibf, Fifteen PAN-based and three
pitch-based carbon-phenolic nozzle 1liner materials were evaluated; three
PAN-based materials had no filler in the phenolic resin, four PAN-based
materials had carbon microballoons in the resin, and the rest of the
materials had carbon powder in the resin, Three nozzle insulation mate-
rials were evaluated; an aluminum oxide-silicon oxide ceramic fiber mat-
phenolic material with no resin filler, and two E-glass fiber mat-phenolic
materials with no resin filler, Also, one PAN-based carbon fiber-epoxy
material was evaluated for the structural exit cone overwrap. It was con-
cluded by MTI/WD (the fabricator and evaluator of the test nozzles) and
NASA-MSFC that it was possible to design an alternate-material full-scale
SRM nozzle assembly, which could provide an estimated 360-1b increased pay-
Toad capability for Space Shuttle launches over that obtainable with the
current qualified SRM design, It would use (1) PAN-based carbon-phenolic
material in the throat region, (2) lightweight PAN-based carbcn cloth-phenolic

material for the aft exit cone, fixed housing, and cowl, (3) lightweight
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glass-phenolic material for all insulator components, and (4) a PAN-based
graphite fiber-epoxy filament wound exit cone overwrap. Due to risks asso-
ciated with the introduction of new materials with relatively limited test
data, and the Space Transportation System (STS)-8A nozzle erosion anomaiy,
NASA-MSFC decided not to incorporate the alternate materials in a full-scale

SRM nozzle assembiy at this time. No additional alternate materials tests

are planned.
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[, [INTRODUCTION AND SUMMARY

The Space Shuttle SRM nozzle uses Rayon-based carbon cloth-phenolic
as the qualified baseline matcrial. Each SKRM nozzle assembly uses approxi-
mately 14,000 1b of Rayon-based carbon cloth-phenolic material in its manu-
facture. Two newer carbon cloth-phenolic materials, using PAN-based and
pitch-based fibers, offer materials that have higher thermal and higher struc-
tural properties, and improved erosion performance over that of the baseline
SRM material. These mcterials offer the potential of (1) reducing the SRM
nozzle cost, (2) increasing the SRM performance, and (3) providing an increase
in the Space Shuttle payload capability. Therefore, in 1978 NASA-MSFC and
JPL initiated a subscale nozzle test program to evaluate the erosion, char,
and thermal performance of PAN-based and pitch-based carbon cloth-phenolic
materials in simulated full-scale SRM nozzle environments, From December
1978 through October 1982, a total of 48 subscale nozzle tests were conducted
by JPL at its Edwards Test Station (ETS), Edwards Air Force Base, California
test site: six 4.0-inch and 42 2.2-inch throat diameter nozzle assemblies
(Refs. 1, 2 and 3). Based on the results of the subscale tests, it was
estimated that recession at the full-scale SRM nozzle assembly throat
could be reduced by 21% and 40% with the use of PAN-based and pitch-based
carbon cloth-phenolic materials, respectively. At the 40% reduction in
throat erosion rate, the full-scale SRM delivered specific impulse could be
increased by 0.6 s, and would provide an estimated 500-1b increase in the
Space Shuttie payload capability.

Based on the successful test results from the 2.2-inch and 4.0-inch
throat diameter nozzle tests, NASA-MSFC initiated, in February 1982, a final

subscale nozzle test program for evaluation of the PAN-based and pitch-based
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carbon cioth-phenolic materials before commitment to full-scale SRM alternate
nozzle design and qualification tests. A joint nozzle design offort between
NASA-MSFC and MTI/WD was initiated, and a 9.5-inch throat diameter nozzle
design, which simulated (as close as feasible) the full-scale SRM nozzle
configuration, was established. Also, a test motor design effort hy JPL was
jnitiated, and a new reusable subscale test motor, which simulated (as close
as practical) the full-scale SRM motor, was established. The MTI/WD manufac-
tured four subscale nozzle assemblies, using the full-scale SRM manufac-
turing processes and procedures. JPL fabricated the four test motors, and
conducted the four motor-nozzle static tests, under ground-level conditions,
at its ETS facility. It is of interest to note that the motors used for the
subscale tests were the largest SRMs ever manufactured and tested at the JPL
ETS. The cartridge-loaded moto was designed to (1) have a burn time of
about 32 s, (2) operate at an average chamber pressure of about 650 psia,
(3) have a burn rate of 0.340 in./s at 650 psia and 77°F, (4) contain about
10,200 1b of propellant, and (5) produce an average thrust of about 75,000
1bf.

The report contains (1) a description of each of the four subscale
SRM nozzle assemblies (N-1 through N-4) that were tested (N-1 being the base-
line assembly, which was fabricated using the same ablative, insulation and
structural composite materials as the current qualifiea SRM nozz'e, and N-2
through N-4, inclusive, having been fabricated using alternate ablative, insu-
lation and structural composite materials), (2) a description of the SRM nozzle
assembly basel ine and alternate composite materials, including some pertin:at
thermal and mechanical properties of the materials, (3) a description of the
motor that was utilized to test the four nozzles, (4) a description of how

each nozzle was instrumented with thermocouples to obtain temperature data
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on each firing for application to thermal performance assessment and/or anal-
yses, (5) detailed test reports and nozzle assembly evaluations (Appendices
A through D, inclusive) compiled by the MTI/WD for each of the four nozzles
that were tested, and (6) a summary and comparative anaiysis report which is
also contained in Appendix D.

A1 four SRM subscale nozzle assembly tests were conducted success-
fully; N-1 on 18 November 1982, N-2 on 2 February 1983, N-3 on 6 April 1983,
and N-4 on 17 Augqust 1983. All tests were performed in accordance with a
JPL-prepared detailed test plan (Ref. 4). Eighteen alternate carbon cloth-
phenolic tape-wrapped material's were tested as nozzle ablative liners, fif-
teen of which contained fabric made with carbon yarn that was processed
using a PAN precursor, anc three of which contained fabric made with carbon
yarn that was processed using a pitch precursor, Three of the PAN carbon
cloth-phenolir. materials were made using no filler in the phenolic resin,
and another four used carbon microballoons as the filler in the phenolic
resin to achieve a low density (1.21 to 1.30 g/cm3) in the as-cured state.
The remainder of the PAN carbon clcth-phenolic materials used carbon powder
as the filler in the phenolic resin at various percentages by weight loading
(% to 18%), and had densities, in the as-cured state, that ranged From 1.50
to 1.56 g/cm3. The three pitch-based carbon cloth-phenolic materials all
contained carbon powder as a filler in the phenolic resin (ranging from 10
to 18% by weight), and had as-cured densities ranging from 1.63 to 1.66
g/cm3. Three alternate composite materials were tested as the backface
insulator of the nozzle throat; one was a ceramic (aluminum oxide-silicon
oxide) fiber mat-phenolic resin material with no filler in the resin, and
with an as-cured density of 0.90-1.0 g/cm3. and the other two were E-glass

fiber mat-phenolic resin materials with no filler in the resin, and as-cured
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densities ranging from 1.0 to 1.ig/cm3. A1l three of the insulation
materials were processed into the nozzle components by the tape-wrap tech-
nique. Only one alternate material was tested as the structural overwrap
component of the erit c¢one liner. It was a carbon fiber -epoxy material,
using PAN-based carbon fibers, that was applied to the nozzle by the filament-
winding technique. It his an as-cured density of 1.55 g/cm3.

From the results of these tests, it has been co~~luded that a full-scale
SRM nozzle can be designed using selected materials tested in this program.
The alternate ’‘ull-scale SRM nozzle design, shcwn in Figure 33 of Appendix
D, (1) would weigh less (approximately ~,430 1b per nozzle) than the currently
qualified SRM nozzle assembly; {2) wculd include PAN-based carbon cloth-
phenolic material in the throat region to provide 13 to 22% decreased erosion
(approximately 0.125 s Isp gain) over that eroerienced with the baseline
Rayon-based carbon cloth-phenolic material; employ 1ightweight PAN-based
carhon cloth-phenolic material for the aft exit cone, fixed housing, and
cowl ; use 1ight-weight glass phenolic material for all insulator components;
have a PAN-based graphite-epoxy filament wound exit cone structural overwrap;
and (3) would provide an estimated 360-1b increised payload capability for
Space Shuttle launches. Included in the total payload gain (360 1b) is 100
1b cue to reduction in throat erosion and 260 1b associated with reduced
nozzle weight.,

Due to the risks associated with introduction and qualification of new
nozzle materials, with relatively limited test data and the S5TS-8A nozzle
erosion anomaly, MSFC has decided not to incorporate the alternate materials
ir a full-scale nozzle at this time. No additional alternate materials tests

are planned.
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I[I. OBJECTIVES

The program objectives and the objective(s) of each of the four nozzle

assembly tests are as stated in the following text.

A. PROGRAM

The program objectives were two-fold; namely (1) to demonstrate light-
weight, high-performance materials that can be applied effectiveiy in the
Space Shuttle SRM nozzles to achieve increased Space Shuttle payload capa-

bility, and (2) to provide dual material supplier capability.

B. NOZZLE TEST NUMBER 1

The objective of nozzle test number 1 (N-1) was to establish the ero-
sion and char performance of the baseline Space Shuttle SRM nozzle ablative
and insulative materials under the conditions and environment of the test
motor. This would provide the necessary data to permit a direct comparison
of subscale with full-scale SRM nozzle Rayon-based carbon cloth-phenolic

material performance.

C. NOZZLE 7TEST NUMBER 2
The objective of nozzle test number 2 (N-2) was to evaluate and compare
the performance characteristics of alternate ablative materials with respect

to the baseline materials,

D. NOZZLE TEST NUMBER 3

The objective of nozzle test number 3 (N-3) was tu evaluate and compare
the performance characteristics of additional alternate ablative materials
with respect to the previously tested alternate materials and the baseline

materials,
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E. NOZZLE TEST NUMBER 4

The objectives of nozzle test number 4 (N-4) were (1) to evaluate
a lightweight, PAN-based carbon cloth-phenolic aft exit cone with a graphite-
epoxy filament wound structural overwrap, and (2) to verify repeatable per-
formance of the final selected alternate abiative materials with respect to

the baseline materials and previously tested alternate materials.
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ITT. NOZZLE MATERIAL DESCRIPTION

There are four composite materials that are baseline, quaiified
and currently utilized in the fabrication of Space Shuttle SRM nozzle assem-
blies. Two Rayon-based carbon cloth-phenolic materials, designated as MX4926
and FM5055, are used for the ablative liner portion of the nczzle assembly.
Either of these two materials may be employed. Two glass cloth-phenolic
materials, designated as MXB6020 and FM5755, are uced for either the struc-
tural exit cone overwrap or the throat back-face thermal insulation portions
of the nozzle assembly. Either of these two materials may be employed. As
is described later, in Section IV, only the FM5055 and MXB6020 materials
were tested in the baseline test N-1 nozzle assembly. The FM5755 material
was tested as the structural exit cone overwrap component in the N-2 and
N-3 nozzle assemblies. Although the MX4926 material was not tested in
this test program, a description of the material, which can be used in
lieu of the FM5055 material for fabrication of the current SRM nozzle
assembly ablative liner components, ic included in this section under the
heading of BASELINE MATERIALS.

There were a total of 22 alternate composite materials tested, at
least once in the N-2, N-3, and N-4 nozzle assembly tests. Eighteen of
the materials were tested as ablative liner components and are designated
as MX4961, MX4961A, MX49618, MX4967, MX134LD, K411, KA41lA, FM5879, FM5379A,
FM58798, FM5879C, FM5908, FM5908A, FM5834, FM5834A, FM5750, K458, and FM5750A.
Three of the materials were tested as a throat back-face insulation component
and are designated as MXR520, FM5898, and MX4968, Mne alternate materiail
was tested as a structural overwrap of the exit cone ablative liner in
test N-4 and is designated as FX425321. The alternate materials are described

in this section under the heading of ALTERNATE MATERIALS,
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A brief description of each of the materials that are currently
employed in the fabrication of Space Shuttle SRM nozzle assemblies (BASELINE
MATERIALS), and of each alternate material that was tested in this program

(ALTERNATE MATERIALS), is contained in the following text,

A. BASEL INE MATERIALS
The following materials are qualified and utilized for ablative liner,
throat backface insulation and structural overwrap of the exit cene liner

in the current Space Shuttie SRM nozzle assemblies.

1. Ablative Liner Materials

Either of two Rayon-based carbon cloth-phenolic materials are employed
in the fabrication of ablative liner components of the SRM nozzle assembly.
It is possible to have an SRM nozzle assembly wherein any ablative liner
component is made from either one or the other of the two materials, but
no one component can be constructed using both of the materials in its

construction. A description of each of the materials is as follows,

a. MX4926
This Fiberite Corporation material is a phenolic resin impreg-
nated eight-harness satin weave fabric. The phenolic resin has 10-12% by
weight carbon powder filler and the fabric, designated CSA, is a product of
Polycarbon Incorporated. The fabric is woven with carbon yarn made from
carbonized continuous Rayon filaments., These filaments contain 95% carbon
., weight, and have a 6 x 106 psi tensile modulus. There are also two

other qualified carbon-cloth suppliers: HITCO and Union Carbide Corporation.
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b. FM5055

This U.S. Pclymeric material is a phenolic resin impregnated
eight-harness satin weave favric, The phenolic resin has 9-13% by weight car-
bon powder filler and the fabric, designated CCA3, is a product of HITCO.
The fabric is woven with carbon yarn made from carbonized continuous Rayon
filaments., The filaments contain 94% carbon by weight and have a 6 «x 106
psi tensile moduluc, There are two additional qualified carbon cloth sup-
pliers for this material: Union Carbide Corporation and Polycarbon Incorpor-

ated.

2. Insulation or Structural Materials

Either of two glass cloth-phenolic materials are utilized in the
fabrication of either the throat back-face insulation or the structural over-
wrap of the exit cone liner of the SRM nozzle assembly., A description of each

material is as follows.

a. FM5755
This U.S. Polymeric material is a phenolic resin impregnated
eight=-harness satin weave fabric, The phenolic resin has 4% by weight silica
powder filler, and the fabric is woven with Owens-Corning Fiberglas Corpora-

tion E-glass yarn. The yarn has a 10.5 x 106 psi tensile modulus.

b. MXB6020
This Fiberite Corporation material is a phenolic resin impreg-
nated eight-harness satin weave fabric. The phenolic resin has no silica
powder or any ciner filler, and the fabric is woven with Owens-Corning
Fiberglass (- ‘poration E-glass yarn. The yarn has a 10.5 x 106 psi tensile

modulus.

{
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B. ALTERNATE MATERIALS

As previously stated, there were a total of 22 different com-
posite materials tested in the N-2, N-3, and N-4 nozzle assembly tests.
The utilization of the materials in each test nozzle assembly is presented

in Section IV. Each material is described in the ensuing text.

1. Ablative Liner Materials

Eighteen different ablative liner materials were tested in the N-2,
N-3, and N-4 nozzle assembly tests; fifteen PAN-based carbon cloth-phenolic
materials and three pitch-based carbon cloth-phenolic materials. A descrip-

tion of each material is as follows.

a. MX4961
This Fiberite Corporation material is a phenolic resin impreg-
nated eight-harness satin weave fabric. The phenolic resin has no filler, and
the fabric is woven with Union Carbide Corporation Thornel® T-300 Grade WYP
30-1,0 carbon yarn. The yarn contains 3000 filaments that are made by carbon-
izing PAN continuous filament. The carbon filaments contain 92% carbon by

weight and have a 33 «x 106 psi tensile modulus,

b. MX4961A
This Fiberite Corporation material is a phenolic resin impreg-
nated five-harness satin weave fabric. The phenolic resin has no filler, and
the fabric is woven with Courtaulds Limited E/XA-S carbon yarn., The yarn
contains 6000 filaments that are made by carbonizing PAN continuous filament.
The carbon filaments contain 99% carbon by weight and have a 34 x 106 psi ten-

sile modulus.

10
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Cc. MX49618
This Fiberite Corporation material is a phenolic resin impreg-
nated five-harness satin weave fabric. The phenolic resin has no filler, and
the fabric is woven with Union Carbide Corporation Thornel® T-300 Grade WYP
15-1/0 carbon yarn. The yarn contains 6000 filaments that are made by car-
bonizing PAN continuous filament., The carbon filaments contain 92% carbon

by weight and have a 33 x 100 psi tensile modulus,

d. Mx4967

This Fiberite Corporation material is a phenolic resin impreg-
nated mock Leno weave (an open weave with intersections that draw a group of
warp and fill yarns together). The cured material has a low density of 1.0
to 1.3 g/cm3. The phenolic resin contains 9-13% by weight carbon micro-
balloon filler, and the fabric is woven with bundles of three Celanese Cor-
poration Celion® carbon yarns. The yarn contains 6000 filaments that are
made by carbonizing PAN continuous filament, The carbon filaments contain

93% by weight carbon and have a 34 x 106 psi tensile mcdulus.

e. MX134LD

This Fiberite Corporation material is a phenolic resin impreg-
nated open plain weave fabric., The cured material has a low density of 1.0
to 1.30 g/cm3. The 37-44% by weight butadiene-acrylonitrile modified phenolic
resin contains 10-13% by weight carbon microballoon filler, and the fabric
is woven with Union Carbide Corporation Thornel® T-300 grade WYP 30-1/0 carbon
yarn. The yarn contains 3000 filaments that are made by carbonizing PAN
continuous filament. The carbon filaments contain 92% by weight carbon and

have a 33 x 100 psi tensile modulus.

11
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f. K411
This Fiberite Corporation material is a phenolic resin impreg-
nated balanced eitht-harness satin weave fabric. The phenolic resin contains
5-16% by weight carbon powder filler, and the carbon fabric is a product of
Stackpole Fibers Co., known an Panex™ SWB-8, The fabric is woven from PANEX
30Y/800d carbon yarn, which is made by spinning long staple PAN filaments
prior to being carbonized. The carbon filaments contain 99% by weight

carbon and have a 38 x 106 psi tensile modulus.

g. K411A
This Fiberite Corporatinn material is a phenolic resin impreg-
nated balanced eight-harness satin weave fabric. The phendlic resin cont:ins
10-18% by weigni rarbaon powder filler, and the carbon fabric is a product of
Polycarbon Incorporated, designated as PCSA, The fabric is woven from carbon
yarn, which is made by spinning long staple PAN filaments prior to being
carbonized. The carbon filaments contain 99% carbon by weight and have a

38 x 106 psi tensile modulus.

h. FM5879
This U.S. Polymeric material is a phenolic resin impregnated
eight-harness satin weave fabric. The phenolic resin contains 10-18% by
weight carbon powder filler, and the fabric is woven with HITCO Hi-Tex carbon
v«rn. The yarn contains 3000 filaments that are made by carbonizing PAN
continuous filament. The carbon filaments contain 94% carbon by weight and

have a 33 x 106 psi tensile modulus.

ie FM5879A

This U.S. Polymeric material is a phenolic resin impregnated

12
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eight-harness satin weave fabric. The phenolic resin contains 10-18% by
weight carbon powder filler, and the fabric is woven with Hercules Incor-
porated AS4 carbon yarn. The yarn contains 3000 filaments that are made by
carbonizing PAN continuous filament, The carbon filaments contain 94% carbon

by weight and have a 34 x 106 psi tensile modulus.

Je FM58798
This U.S. Polymeric material is a phenolic resin impregnated
eight-harness satin weave fabric. The phenolic resin contains 10-18% by
weight carbon powder filler, and the fabric is woven with Celanese Corpora-
tion Celion® carbon yarn. The yarn contains 3000 filaments that are made by
carbonizing PAN continuous filament., The carbon filaments contain 93% carbon

by weight and have a 34 x 106 psi tensile modulus.

Ko FM5879C
This U.S. Polymeric material is a phenolic resin impregnated
five-harness satin weave Fabric. The phenolic resin contains 10-18% by weight
carbon powder filler, and the fabric is woven with HITCO Hi-Tex carbon yarn,
The yarn contains 6000 filaments that are made by carbonizing PAN continuous
filament. The carbon filaments contain 94% carbon by weight and have a 33 x

106 psi tensile modulus.

1. FM5908
This U.S. Polymeric material is a phenolic resin impregnated
mock Leno weave (an open weave with intersections that draw a group of warp
and fi11 yarns together). The cured material has a low density of 1.0 to 1.3
g/cm3. The phenolic resin contains 10% by weight carbon microballoon filler,

and the fabric 1s woven with three bundles of HITCO Hi-Tex carbon yarn, The

13
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yarn contains 6000 filaments that are made by carbonizing PAN continuous fila-
ments. The carbon filaments contain 94% carbon by weight and have a 33 x 106

psi tensile modulus.

m. FM5908A
This U.S. Polymeric material is a pnenolic resin impregnated
open plain weave fabric, The cured material has a low density of 1.0 to 1.3
g/cm3. The 38-44% by weight butadiene-acrylonitrile modified phenolic resin
contains 8-12% by weight carbon microballoon filler, and the fabric is woven
with HITCO Hi-Tex carbon yarn. The yarn contains 3000 filaments that are
made by carbonizing PAN continuous filament, The carbon filaments contain

94% carbon by weight and have a 33 x 106 psi tensile modulus.

n. FM5834
This U.S. Polymeric material is a phenolic resin impregnated
balanced eight-harness satin weave fabric, The phenolic resin contains 13-18%
by weight carbon powder filler, and the carbon fabric is a product of Stack-
pole Fibers Co., known as Panex™ SWB-8. The fabric is woven from PANEX 30Y/
800d carbon yarn, which is made by spinning long staple PAN filaments prior
to being carbonized. The carbon filaments contain 99% carbon by weight and

have a 38 x 100 tensile modulus.

0. FM5834A
This U.S. Polymeric material is a phenolic resin impregnated
balanced eight-harness satin weave fabric. The phenolic resin contains 13-18%
by weight carbon powder filler, and the carbon fabric is a product of Polycar-
bon Incorporated, designated as PCSA. The fabric is woven from carbon yarn,

which is made by spinning long staple PAN filaments prior to carbonizing.

14
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The carbon filaments contain 99% carbon by weight and have a 38 x 100 psi

tensile modulus.

Pe FM5750
This U.S. Polymeric material is a phenolic resin impregnated
eight-harness satin weave fabric. The phenolic resin has 10-18% by weight
carbon powder filler, The VCB-45 fabric is woven with Union Carbide Corpora-
tion carbonized pitch precursor continuous-filament yarn (2000 filament),
and is then graphitized. The graphitized filaments contain 99% carbon by

weight and have a 45 x 100 psi tensile modulus.

q- K458

» =

S This Fiberite Corporation material is a phenolic resin impreg-
nated five-harness satin weave fabric. The phenolic resin has 15-16% by weight
; carbon powder filler, and the fabric is woven with Union Carbide Corporation
P55 pitch fiber Grade VSB-i6, The yarn contains 4000 filaments that are
made by graphitizing carbonized pitch precursor continuous filament., The
fiber is fully processed prior to weaving, contains 99% carbon by weight,

and has a 55 x 10° psi tensile modulus.

re FM5750A
This U.S. Polymeric material is a phenolic resin impregnated
efght-harness satin weave fabiric, The phenolic resin has 10-18% by weight car-
bon powder filler, The VCOl62 fabric is woven with Union Carbide Corporat-
tion 4000 filament carbonized pitch precursor continuous filament yarn, and
then is graphitized. The graphitized filaments contain 99% carbon by weight

and have a 45 x 106 psi tensile modulus.

15
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2. Insulation Materials

Three different composite materials (one ceramic fiber mat-phenotic
material, and two E-glass fiber mat-phenolic materials) were tested as a
nczzle throat back-face insulator; one in the N-2 test, cne in the N-3 test,

and one in the N-4 tesc. A description of each material is as follows,

a. MXR520
This Fiberite Corporation material is a pnenolic resin impregna-
ted ceramic fiber (aluminum oxide-silicon oxide) mat with a cured density of

0.90 to 1.0 g/cm3. The phenclic resin has no fillers,

b.  FM5898
This U.S. Polymeric material is a phrenolic resin impregnated
E-glass fiber mat with a cured density of 1.0 to 1.1 g/cm3. The phenolic resin

has no fillers,

C. MX4968
This Fiberite Corporation material is a phenolic resin impregna-
ted E-Glass fiber mat with a cured density of 1.0 to 1.1 g/cm3. The phenolic

resin contains no fillers,

3. Structural Material
Only one alternate structural material was tested as the structural
overwrap of the exit cone liner. It was utilized in the N-4 nozzle assembly

test. A description of the material is as follows.

a. FX425821
This Fiberite Corporation material is an epoxy impregnated high-

modulus graphite Hercules Incorporated AS4-12,000 filament yarn that is made

16
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using a PAN cuntinuous fiber precursor. The resin is a Fiberite Corporation
982 epoxy resin. The cured density is 1.55 g/cm3. The graphitized filaments

contain 94% carbon by weight and have a 34 x 100 psi tensile modulus.
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IV, NOZZLE DESCRIPTIUN

The SRM subscale nozzle assembly (Fig. 1) is a fixed, partially sub-
merged configuration that contains a steel shell, shell insuiator, nose ring,
throat ring, and exit cone section. Overalil geometry and contours of the
assembly simulate, as nearly as possible, those of the full-scale SRM nozzle
assembly. The ply orientation of the various components is clearly shown in
Fig. 1, but are not indicated for the throat back-face insulator or the exit
cone overwrap. The ply orientation of these two components are parallel to
the outer diametral surface of each cGaponent, The nomindl throa. diameter is
9,500 inches and the nominal exit diameter 1s 25.420 inches. The steel shell
contains eighteen holes in the flange for the purpose of fastening the nozzle
to the test motor aft closure by high-stre~jth steel bolts ana nuts, and four
holes for thermocouples as shown in Fig. 2. The steel shell also has an
o-ring groove, forward of the forward face of the flange, for the purpose of
an o-ring seal with the motor aft closure. All four nozzle assemblies that
were tested in the program were of this basic configuration, with the primary
difference being the materials that were employed in the construction of the
composite components. Each of the four nozzles (N-1, N-2, N-3, and N-4) are

described in the following text.

A. NOZZLE TEST NUMBER 1

The nozzle assembly that was used for test number 1 (N-1) is depicted
in Fig. 2. As previously stated in Section III-A, the composite materials,
used in the manufacture of the sever components (parts), were FM5"55 and
MXB602U baseline Rayon-based materials, as shown in Fig., 2 and described in

Section I1I-A. The materials and method of manufacture used to fabricate the

18
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N-1 nozzle componen:s (parts) reflect those utilized in the fabrication of

the full-scale SRM nozzle parts.

B. NOZZLE TEST NUMBER 2
The nozzle assembly that was employed for test number 2 (N-2) is shown
in Fig. 3. The composite materials used in tha manufaciure of the seven com-

ponents (parts) are as depicted in Fig. 3 and are described in Section II!-B.

C. NOZZLE TEST NUMBER 3

The nozzle assembly that was utilized for test number 3 (N-3) is depic-
ted in Fig, 4, The composite materials used in the manufacture of the eight
compone~ts [parts) are as shown in Fig. 4 and described in Section I1I1I-B, Note
that the aft exit cone liner has been constructed with two parts (materials)
rather than one pact (material), as was the case for the N-1 and N-2 nozzle

assemblies, as shown in Figs. 2 and 3,

D. NOZZLE TEST NUMBER 4

The nozzle assembly that was used for test number 4 (N-4) is shown in
Fige 5. The conposite materials used in the manufacture of the twelve compo-
nents (parts) are as depicted in Fig. 5, and described in Section I1I-B, Note
that the thr~st has been constructed as two separate parts (materials) instead
of one part (material) as depicted in Figs., 2, 3, and 4 for the N-1, M~2, and
N--3 nozzle assemblies. Also note that the forward exit core liner has been
made as two separate parts (materials) instead of one part (material) as was
the sitvation for the N-1, N-2, and N-3 nozzle assemblies. In addition, the
aft e«it cone liner has been constructed of four separate parts (materials)
instead of one part (material), as was employed in the N-1 and N=2 nozzle
assembiies as shown in Figs. 2 and 3, and two Separate parts (materiais), as

depicted in Fig. 4, for the N-3 nozzle assembly.

19
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V. NOZZLE INSTRUMENTATION

Thermocouples were installed on each nozzle assembly to record tempera-
tures within the composite liner components at locations to obtain data for
thermal performance analyses and/or assessment. The N-1 and N-2 test nozzle
assemblies were instrumented 1in an identical manner with four thermo-
couples; however, the W-3 and N-4 test nozzle assemblies were each instru-
mented with an additional iwelve thermocouples to those employed 1in the
N-1 and N-Z tests. A description of the thermocouple installation employed

on each of the four nozzle assemblies is presented in the following text.

A. NOZZLE TEST NUMBER 1

Four probe-type thermocouples (shielded and grounded construction),
to the specifications shown in Table 1, were installed on the test N-1 nozzle
assembly at the locations depicted in Fig. 2: two at Section B-B and two

at Section C-C.

B. NOZZLE TEST NUMBER 2

Four probe-type thermocouples (shielded and grounded construction),
te the specifications shown in Table 1, were installed on the test W-2 nozzle
assembly at the locations depicted in Fig. 3: two at Section B-B and two

at Section C-C.

C. NOZZLE TEST NUMBER 3

Sixteen thermocouples were installed on the test N-3 nozzle assembly:
four probe-type shielded and grounded ones of the construction employed
for tests N-1 and N-2, and twelve plain construction ones (twisted wire

junction) that were held in place by a composite plug, which was cemented

20
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into a flat-bottom hole in the exit cone with an epoxyv cement, These thermc-
couples, to the specifications shown in Table 2, were installed on the nozzle

assembly at the lo~ations depicted in Fig. 6.

D. NOZZLE TEST NUMBER 4

Sixteen probe-type shielded and grounded thermocouples, as speci-
fied in Table 3, were instalied on the test N-4 nozzle assembly: four of
the construction employed for tests N-1 and N-2, and twelve welded wire
junction ones that were instalied into aluminum blccks that were cemented,
with epoxy adhesive, onto the exterior of the exit cone in positions as shown

at stations 2, 3, and 4 of Fiq. 7.
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VI. TEST CONDITIONS AND MOTOR PERFORMANCE

Each of the four nozzie assemdblies was tested in the JPL 48-Inch
Char Motor at conditions closely simulatirg (on a subscale basis) those en-
countered in the full-scale Space Shuttle SRM,

A schematic representation of the 4-ft,-diameter by 13-ft.-long test
vehicle, which was fired in a vertical attitude with the no.zle pointed
skyward, is provided in Fig. 8. The cartridge-loaded motor is designed
to have a burn time of around 32 s, operate at an average chamber pressure
of 650 psia, have a burn rate of 0.340 in./s at 650 psia and 77°F, contain
about 10,200 1b of propellant, and produce an average thrust of about 75,000
1bf. The basic hardware components of the motor are reusable. Characteris-
tics of the propeliant that was employed for each of the twc loaded car-
tridges, which were utilized as the grain of each motor, is provided in
Table 4. This propellant is almost ideatical to the formulation used in the
full-scala SRM,

The N-1, N-2, N-3, and N-4 test motors contained 10,133, 10,066, 9,987,
and 10,276 pounds of propellant, respectively. The total propellant weight
varfation of the N-1, N-2, and N-3 motors was a function primarily of the
allowable tolerence of the inside diameter and length of the cartridges. The
N-4 motor contained more weight of propeliant because both cartridges were
reused, and therefore machined to a larger inside diareter before each car-
tridge was 1oaded with propellant,

Each motor was ignited with a bag-type igniter that contained slivers of
the same propellant that was used for the grains of the subscale motors. The

slivers of propellant were 1gnited by a hot wire. This type of igniter pro-
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vides a slow rate of ignition cf the motor grain, and therefore about a
two-second ignition delay time from the instant that current is supplied to
the hot wire until the start of pressure rise in the motor.

Each mctor contained a carbon dioxide quench system that was mounted
in the bottom of the motor, as indicated in Fig. 8. This system was activated
about 5 s after motor burrout, and flowed carbon dioxide gas into the motor
at an average flowrate of about 2.5 1:/: for a duration of about 500 s. The
quench system successful’y extinguished burning on the irside of tne motor
on each firing test,

The motor pressure of each firing was taken and recorded with instru-
mentation as specified in Table 1 for tests N-i and N-2, Table 2 for test N-3,
and Table 3 for test N-4,

The pressure-time curves for each motor firing were not predicted before
each firing; however, the pressure-time traces for a nominal motcr with a
nozzle throat that erodes at constant radial erosion rates of 0,000, 0.006,
0.012, and 0.018 in./s, throughout the motor burn time, were calculated. The
results of these calculations are plotted in the pressure-time traces as
depicted in Fig. 9. It was expecved that the actual traces would 1ie some-
where between the pressure-time traces shown for the 0.006 and 0.0'2 in./s
cases of Fig. 9. The actual pressure-time histories for the N-1, N-2, N-3,

and N-4 motor firings are shown in Figs. 10, 11, 12, and 13, respectively.
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VII. NOZZLE PERFORMANCE PREDICTION

Prior to each test a prediction was made for the expected erosion,
char thickness, and backside temperatures of the composites in the nozzle

assemblies. The predictions for the N-1, N-2, N-3, and N-4 nozzle tests

»

are shown in Fig. 4 of sppendix A (page 66), Fig. & of Appendix B (page

111), Fig. 6 of Appendix C (page 151), and Fig. 6 of Appendix D (page
197), respectively.
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VIIT. NOZZLE PERFORMANCE

Subsequent to each test, each c¢f the four nozzle assemblies were
anal yzed to determine how well each performed. Details of the analyses are
presented in Appendix A for the N-1 nozzle, Appendix B for the N-2 nozzle,
Appendix . for the N-3 nozzle, and Appendix D for the N-4 nozzle. In addi-
tion, Appendix D includes a summary analysis of the tests and a comparison
of the alternate material nozzles with the basel ine SRM subscale nozzle., The

following text provides excerpts from Appendices A through D.

A. NOZZLE TEST NUMBER 1

Overall performance of the N-i nozzle was good. Erosion was generally
smooth and uniform, with no gouging, pocketing, or washing being experienced.

Erosion rates measured in the N-1 nczzle were generally less than
those experienced in the SRM nozzle. Inlet and throat erosion rates were
within the range measured on the SRM nozzle while nose ercsion was signifi-
cantly less. Forward exit cone erosion iates were somewhat greateir than
measured on the SRM nozzle while the aft exit cone erosion was muchk less.

Post-test analysis of the data shows the nozzle to be an adequate
test vehicle tn obtain Jata to evaluate the relative merits of various abla-
tive and insulative naterials for use in tha SRM noz2le.

The baseline .nozzle was in good condition and performed well through-
out static firing. Although data measured in subscale tests cannot be used
directiy to desian the full.-scalc SRM nozzle, it does provide a means of
selecting the best candidate materials and provides data which can be used

in analytical models to design the full-scale SRM nozzle,
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The preferred method for evaluating which candidate materials will
perform best in the SRM nozzle is to use the subscale erosion and char data
along with SRM design safety factors to calculate insulation thicknesses
required for the full-scale design., This thickness multiplied by density
will provide a relative weight factor. Cost can then be evaluated cn the
basis of the raw material cost per pound. Materials whicn have potential for
use in the SRM nozzle should have a thickness and/or density-thickness product

which is equal to or less than those determined for the baseline material.

B. NOZZLE TEST NUMBER 2

Overall performance of the N-2 nozzle was good. Erosion was generally
smooth and uniform except for the nose ring, which experienced some uneven
erosion and 2 large eroded pocket at the 270-deg location., Erosion was gen-
erally less than the baceline (Rayon) nozzle, and char depths were greater
except for the aft exit cone, which charred about the same as the baseline.
The X411 staple PAN performed very wetl and exhibited excellenti structural
integrity.

The PAN materials presented no major faprication problems, and all
components were considered of nigh quality. In general, they exhibited lower
erosion and greater char. The parallel wrapped materials exhibited consider-
able interply swelling.

The unfilled PAN exhibited considerably greater in-depth heacing as
compared to the baseline; fillers may reduce this sffect,

Tne K411 staple PAN material exhibited 13% less throat erosion than the
baseliza FM50%5 material in the N-1 nozzle test, and had a fairiy low char
depth, This material also exhibited superior char structural integrity and

no delaminations.

26




R

Tt

Tee 2 m

P

C. NOZZLE TEST NUMBER 3

Overall performance of the N-3 nozzle was good. Erosion was generally
smooth and uniform, The pitch-based throat eroded less than the baseline Rayor
and PAN-based materials; however, the char depth was considerably greater,
The shell insulator and forward exit cone erosion was about the same as the
previous PAN test and less than the baseline material. The aft exit cone low-
density material performance was about the same as the previous PAN and base-
line Rayon tests.

The PAN and pitch materials presented no fabrication problems and all
components were considered of high quality. The pitch materials charred too
deeply ard are nct suitable for use in the SRM nozzle. The filled PAN exhi-
bited lower thermal conductivity than the unfilled PAii material. The low-

density PAN material perfonned very well.

D. NOZZLE TEST NUMBER 4

The overall performance of the N-4 nozzle was gocd. Erosion was smooth
and uniform. No major anomalies were observed. The nose, throat, and forward
exit cone showed excellent integrity with very even erosion and char profiles.

The shell insulator had one delamination-at the forwdard tip and several
areas of swelling of charred plies around the outside diameter.

The r.ose and throa: sections showed no signs of anomalies. Overall
erosion was less than, aad overall char was slightly higher than, the N-~1
nozzie.

The glass mat throat insuiator was completely intact and unaffected.

The forward exit cone sections showed lawer overall erosion and higher

overall char than the N-1 nozzle.
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Aft exit cone sections performed similarly to past tests. Erosion was
very smooth and uniform., The last att section of test material showed some
lifting of plies.

The graphite yarn-epoxy filament wound overwrap on the exit cone liner

was totally intact and unaffected by the internal or external environments.

E. DATA SUMMARY AND ANALYSIS

A comparison of the N-1, N-2, N-3, and N-4 nozzle erosion is presented
in Fig. 30 of Appendix D. The continuous fiber PAN-based carbon cloth-phenolic
materials exhibited the best erosion resistance in the nose, inlet, and for-
ward exit cone. Spun yarn PAN-based carbon cloth-phenolic, pitch-based carbon
cloth-phenolic, and the Rayon-based carbon cloth-phenolic baseline material
(FM5055) were all tested in the throat. The pitch-hased material, in test N=-3,
eroded 15% less than the baseline material. The spun yarn PAN-based material
eroded 13% and 22% less than the baseline material, in tests N-2 and N-4,
respectively. Erosion in the exit cones varied from no erosion up to 3.5
mil/s, and was variable down the cone. It appears that the continuous fiber
PAN-based carbon cloth-phenolic and the low-density PAN-hased carbon cloth-
phenolic materials eroded approximately the same in the exit <one region,

The material affected depths for the N-1, N-2, N-3, and N-4 nozzles
are shown in Fig, 32 of Appendix D. The baseline material was the bpest
performer in the nose, inlet, throat, and forward exit cone regions., All
materials were equivalent in the aft cone. The pitch-based carbon cloth-
phenolic material, which was used in the inlet and throat regions of the N-3

nozzle, had much greater char depths than the other materials.
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IX., CONCLUSICNS AND RECOMMENDATIONS

The conclusions and recommendations that were made by MTI/WD, a5 a
result of conducting the alternate nozzle materials program, are included
in Appendix D, on page 227. These conclusions and recoimendations are
provided in the following text.

The PAN-based and pitch-based carbon cloth-phenolic materials presented
no manufacturing difficulties. The pitch-based materials charred much too
deeply and would not be considered suitanle for use in full-scale SRM nozzles.
The PAN-based materials, which incorporated a filler in the phenolic resin,
demonstrated lower thermal conductivity than those with no filler in the
phenolic resin. The tow-density PAN-based carbon cloth-phenolic materials
demonstrated good performance in the exit cone region. These materials appear
to be well suited for use in the full-scale SRM nozzles. The mock Leno and
plain weave low-density PAN-based carbon cloth-phenoiic materials performed
equally in the tests.

Th2 spun PAN-based carbon cloth-phenolic materials exhibited superior
char integrity. The materials, using either Stackpole Fibers Co. or Poly-
carbon Incorporated carbon fibers in the carhon cloth, performed equally in
the tests.

The use of PAN-based carbon cloth-phenoiic materials in the throat
decreased erosion 13 to 22% with respect to the Rayon-hased carbon cloth-
phenolic basel ine mateiria’ in tests N-2 and N-4, respvectively. It is recom-
mended that a high-fired continuous PAN-based carbon cioth-phenolic material
be tested in future nozzles. The graphite yarn-epoxy filament wound exit

cone overwrap performed well.
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From the results of the subscale tests, 1t is concluded that a full-
scale SRM nozzle can be designed using materials tested in this program.
The design would weigh less than the present SRM nozzle assembly. Figure 33
of Appendix D chcws the proposed full-scale design and estimated payload
gains. The design would include PAN-based carbon cloth-phenolic material in
the throat region to provide better ercsion resistance. Also, the assembly
would employ 1ightweight PAN-based carbon cloth-phenolic material for the aft
exit cone, fixed housing, and cowl. In addition, 1ightweight glass-phenolic
material would be used for all insulator components, and graphite yarn-epoxy
would be employed as a fi1lament wound exit cone overwrap. Taking all factors
into consideration, the utilization of the design for full-scale SRM nozzle
assemblies, in lieu of the current qualified SRM nozzle assemblies, would pro-
vide an estimated 360-1b increased payload capability for Space Shuttle
launches.

Due to the ricks associated with the introduction and qualification of
new nozzle materials with relatively 1limited test data, and the ST5-8A nozzle
erosion anoma!v, NASA-MSFC has decided not to incorporate the alternate mate-
rials in a full-scale nozzle at this time. No additional alternate materials

tests are planned.
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Table 4, Propellant Characteristics

Formulation*

Ingredient Percent By Weight
Ammonium Perchlorate 69.99
Aluwminum 16.00
Iron Oxida 0.

Polybutadiene acrylic acid
acrylonitrile binder 14,00

Properties**

Density, 1bs/in.3 0.0641

Burn Rate Equation

r=aPp."
r = burn rate in inches per second (0,340 at 650 psia)
a =0,05548 (350 to 1,200 psia range)
Pc = chamber pressure in pounds per square
inch absolute (psia)
n = 0,280

* JPL Formulation No. PBAN - Mod, 8
** properties at 77°fF
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1.0 INTRODUCTION AND SUMMARY

The N-1 nozzle was tested 18 November 1982 and wzs the first of four in
the subscale alternate materials evaluation series. The design simulates as

near as ponssible the configuration and flow profiles of the full-scale SRM
nozzle.

The N-1 nozzle is the baseline nozzle of the test series and contains
ablative and insulative materials currently used on the SRM nozzles. The
performance of the subsequent "new materials" will be compared to that of
the baseline materials.

Overall performance of the N-1 nozzle was good. Erosion was generally
smooth and uniform, with no gouging, pocketing or washing being experienced.
Material affected depths throughout the nozzle were aenerally less than
predicted.

Erosion rates measured in the N-1 nozzle were generally less than those
experienced in the SRM nozzle. Inlet and thrcat erosion rates were within
the range measured on the SRM nozzle while nose erosion was sianificently
less. Forward exit cone erosion rates were somewhat greater than measured
on the SRM nozzle while the aft exit cone erosion was much less.

Post-test analysis of the data shows the nozzle te be an adequate test
vehicle to obtain data to evaluate the relative merits of various ablative
and insulative materials for use in the SRM nozzle. A description of the
N-1 nozzle and a discussion of the test data, analysis, and material
performance are presented in subsequent sections.
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2.0 TEST ORJECTIVE

The test nbjective is to establish the erosion and char performance of
the baseline SRM nczzle ablative and insulative materials in a subscale SRM
nozzle for comparative purnoses,
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3.0 DESIGN DESCRIPTION

The nozzle is z fixed, partially submerged design consisting cf a steel
shell, shell insulator, nose ring, throat ring, and exit cone section.
Overal]l geometry and contours simulate as near as possible those of the
full-scale SRM nozzle. Materials and method of manufacture used to fabricate
the N-1 nozzle also reflect those in the eguivalent fuli-scale parts. The
subscale nozzle is shown in Figure 1.

Specimens were taken from each ablative ard insulative comporent and
tested for residual volatiles, resin content, specific gravity, and compres-
sive strength. The results preserted in Table I are the average results
from three tests. All components used in this nozzle met the specification
requirements ot the SRM nozzle component specificctions.

Figure 2 presents the materials used in the N-1 nozzle along with the
location of the four thermocouple probes used. A1l of the ablative materials
were carbon cloth phenolic (FM-5055) supplied by U.S. Polymeric. The glass
phenclic was Fiberite MXB6020. The throat, rose and shell insulator were
hydroclave cured while the exit cone and throat insulation were autcclave
cured. The ply angles shown are the same as for comparable SRM nozzle com-
pcrients. Two thermocouple probes were located in the exit cone at a nomiral
depth of 0.300 in. from the initial flow surface: two were located at a
depth ot 0.500 inch.

Figure 3 presents the results of the 1-D structural aralyses ot the N-1
nozzle. All components <how positive margins ¢t safety using a 1.40 factor
of safety.

Figure 4 presents predicted erosion and material affected depth at
selected locations. The maximum predicted backside temperature is 140°F and
occurs in the aft exit cone region.

The prefire throat diameter was 9.455 in. and finished nozzle weight
was 536.5 1b. Figures 5 and 6 present prefire photographs of the nozzle.
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MORTON THIOKOL, INC.
Wasatch Division

TABLE I

SUBSCALE SPACE SHUTTLE NOZZLE
AVERHGE TAG END TEST RESULTS
(N-1 NOZZLE)

Residual Resin Compressive
Volatiles Content Specific Strength
(%) (%) Gravity (psi)

Forward Exit Cone

Carbon Phenolic 0.63 35.49 1.46 34,705
Aft Exit Cone

Carbon Phenolic G.59 34.11 1.47 26,736
Exit Cone Overwrap

Glass Phenolic 2.33 28.58 1.97 27,959
Threat

Carbon Phenolic C.63 35.21 1.48 ¢2,268
Throat Insulation

Glass Phenoiic 2.03 28.98 1.97 28,146
Nose

Carhon Phenolic 0.47 35,71 1.47 3€,238
Shell Insulator

Carbon Phenolic 0.68 34.25 1.48 35,662
SRM Specification Limits

Carbon Phenolic 0-3.00 30-40 1.4-1.55 18,0C€0-55,00C

Glass Phenolic 0-2.25 24-38 1.7-2.15 16,€30-60,000
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MORTON THIOKOL. INC.
Wasatch Division

4.0 POST-TEST DATA SUMMARY AND PERFORMANCE EVALUATION

4.1 NOZZLE POST-TEST CONDITION

Overall condition of the N-1 nozzle after testing was good. Erosion at
the nose, through the throat and aft exit cone was quite smootn, uniform,
and symmetrical. Typical separations and delaminations, due to heat soak,
quench, and cooldown were noted in the carbon phenclic materials,
particularly in the OD shell insulator and the aft section of the exit cone
where material ply orientation is parallel to centerline. The condition of
the nozzle is graphically shown in Figures 7, 8, and 9.

Figure 10 presents the pressure~time trace for the N-1 motor. The
average web burn pressure was $37.8 psi and the web burn time was 31.98 sec.
4.2 POST-TEST EROSION AND CHAR MEASUREMENTS

Erosion rates were calculated using average web burn time. Measured
throat erosion rates were calculated using one-half of the average
difference of six prefire and postfire diametrical throat measurements.
Erosion at other locations was reccrded using measurements taken from the
cross sectioned nozzle. Char thickness was obtained by direct measurement
taken or the sectioned nozzle components.

The average prefire nozzle throat was 9.499 inches. The postfire
throat diameters are as follows:

THROAT DIAMETER (in.)

0 30 60 90 120 150
Deg Deg Deg Deg  Deg Deg Average

10.152 10.149 10.143 10.163 10.148 1C.142 10.150

The average throat erosion rate based on an average web time of 31.98 sec
and the Morton Thiokol poctfire diametrical measurements is 10.18 mil/sec.
Erosion profiles taken every 90 deg from nozzle cross sections are
shown in Figures 11 through 14. Alsoc shown are measured eroded depths,
material affected depths, and calculated erosion rates as a function of
initial area ration. The material affected depth is the perpendicular
distance from the initial uneroded surface to the char 1ine. Stations 0, 1,
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Wasatch Division
and 2 on the <hell insulation were covered by the case insulaticn. Also
some swelling and deliminaticns occurred in the rerjon of Stations 3, 4, ¢nd
5. If the thick-ness of the eroded insulation was greater than the initial.

a zero eroded depth was reported.

Table {I presents average eroded depths, materiet affected depth,, and
erosion rates. Thece data should be used with comparabie data to be qener-
ated cn subsequen. tests to evaluate the relative performance of candidate

materials.

Tre sectioried nozzle part surfaces are shown ip Fiqures 15 throuch 27
to illustrate the eroded surfaces, char lines, separations and
delaminatinas. Figures 19 and 22 show one of the 2 .800 ix, deep th-rreccuple
holes. Depth n. asurements perperdic.lar tc the ernded flew surface dcer to
the hole tip 2veraged 0.20Z inch.

4.3 THERMOCOUPLE DATA

Four thermncouples, TN-1 through TN-4, were instflled irto the ebiative
liner in the forward <oaction of the aft exit cone to monitor thermal re-
sponse of the material as it is heated by the motor exhaust gos. Two
thermocouples, TN-1 and TM-4, were installed in drilled holas 2,800 in. in
dep*h with the tips lying C.3C in. below the initial curface. The cther
two, TN-2 and TN-3, ¢ ~ ' ated in holecs drilled 2.40C in. in depth with
the tips 0.50 in, be:;. -+ .rface. Figure 23 presents measured temper-

ature response as a functicn of tine,

Just prior to tect, all thermocouples read 60°F. The initial tempera-
ture rise for the shaliower thermncouples, TH-1 and TN-Z, occurred at T +
7.4 sec and continued to rise throughout the test, Temperature< of 1,000°F
(TN-4) ard 920°F (TN-1) were recnrded at 37.00 soc. TN-2 ancd TH-3, the
deeper thermaccuples, show.ed a gradual temperaturs rise cver motor burn
time. TN-3 recorded a temperature of 110°F at 37 srr and TN-? racorded a
temperature of 100°F.

The peak temperatures of TN-1 and TN-4 indicate these instrurents were
within the char depth of the material; char formation in phenclics is gener-
ally defined as occurring within & temperature ba:d of 800° to 1,000°F.

TN-2 and TN-3 were experiencino heating but were still below the charred
region cf the material.
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Station

W~ OV W

Station

HNWPROTO N W

Station
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A
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T1ABLE 11

85294-1.2

N-1 NOZZLt, AVERAGE EROSION AND CHAR DATA

SHELL INSULATION

Eroded

A/A* Depth (in.)

.08
.o

.08

.09
.96

wWwwphpopp
[en]
L

.09

OO O
NHOO
PO OOOC

Eroded

id

terial Affected

Depth (in.) (mil/sec)

Erosion Rate

0

0
.24
.28
.30
.36
.52
62

OO OoOOOO

~N DN

O O,
oo OoOOoOo

NOSE AND THROAT

A/A Depth (in.)

b b s e e e b RO
—
o

CO. OO0 O
(98]
o

Material Affected

Erosion Rate

Depth (in.) (mil/sec)
0.60 8.1C
0 54 8.10
0.49 7.48
0.50 9.03
0.56 9.34
0.60 1€.59
0.60 9.97
0.58 9.34
0.48 7.48

FORWARD EXIT CONE

Eroded
A/A* Depth (in.)
1.10 0.22
1.729 0.20
1.44 0.17
1.67 0.14
1.90 0.11
2.14 0.09

79

Material Affected

Erosion Rate

Depth (in.) (mil/sec)
0.44 6.85
0.43 6.23
0.42 5 30
0.40 4.36
0.38 3.43
0.33 2.80
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MORTON THIOKOL INC. 85294-1.3
Wasatch Divission
TABLE II (Cont)
AFT EXIT CONE
: Eroded Material Affected Erosion Rate
Sta*ion A/A* Depth (in.) ___Depth {in.) (mil/sec)
10 2.63 0.07 0.33 7.18
9 3.00 0.01 0.32 0.31
8 3.47 (.02 .37 (1.€°
7 3.98 0.03 ¢.21 0.63
_ 6 4,33 0 0.26 ¢
1 5 £.96 0 0.26 0
" 4 5.44 0 0.22 0
. 3 5.88 0 0.22 0
- 2 6.33 C 0.24 0
: 1 6.7¢ 0 0.27 0
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5.0 DATA SUMMARY AND DATA ANALYSIS

A comparison of the N-1 nozsie ang SRM rozzle erosion retes is present-
ed in Table III. These data indicate how the N-1 nozzle simulated the full-
scale SRM environments, The N-] nozzle average web pressure of ©:7.8 psi
was in close agreement with the average SRM pressure of 648.6 psi. As <hnwn
ir Table III, significantly higher erosion rates are experienced at the rnse
tip of the SRM rozzle. Typical SRM rates range form 14 to 16 mil/ ~c as
compared to 7.48 mil/sec for the N-1 nozzle. This wds expected since “low
velocities at the tip of the SRM rozzle are significantly higher thar those
experienced in *the N-1 nozzle. Inlet and thrnat erosicn rates mrécured on
the N-1 rczzle are ir close agreement with comparable values fo,o the SRM
nozzle.

Exit core erosion rates measured in the il-1 nnzzie are hicher in the
forward cone and lower ir the aft core than thcse experierced i the SRM
nozzle.

Comparison of the rhar data between the SRM and N-1 nn»z1les i< rot
easily made due to the differerces in motur burn time., The thermal aralysic
technigue used in predicting tne N-1 performance, This will be deone after
rach test so that an accurate prediction technique for each material i< ob-
taired and can be used for redesign in preticting SFM nozzle performance.

Table IV presents desigr thicknesses determired from the N-1 reczzle *
meet SRM ablative material safety ractor, i.e., 2 x ernsion plus 1.25 char
except at the aft exit cone where the requirement is 1.5 x erosi-n pi: = 0
char. Also shown is the product of thickness and material density, » -
tive weight factor. The total! thickness required and the preduct ot . oy
and thickness are parameters which will be used tn evaluate the realative
performance of new materials to be tested in subseauent rnzzlos,
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TABLE TII
COMPARISON OF SRM AND M-1 NJZZLE EROSION RATF.
; Average Erosion Rate (mil/ser)
. Location A/A* SRM N-1
Nese Tip N/A 14.0 *0 16.00 7.48
Inlet 1.46 2.8 te 9.o0 9.03
Throat 1.00 8.8 to10.50' 1 10.18(D
, Exit Cone Fwd 1.20 .45 to 2.00 6.39
" 2.00 1.7 to 2.08 3.12
i Exit Cone Aft 2.80 2.0 to 2.70 1.25
i 5.40 1.5 to 1.64 0
6.70 1.5 to 2.06 0

. -
s

(T}Based on prejpost-test diametrical measurements
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" N-3 test nozzles so that final selection of the best performing materials

Thuokoi COrporation » oubee. ary of

MORTON THIOKOL INC. £5294-11.2
MORTON THIOROL INC.

6.0 CONCLUSICMS AND RICOMMENDATIONS

The baseline nozzle was in good condition and performed well through-
out static firira. Although data measured in subscale tests cannct be used
directly to design the full-scale SRM nozzle, it does provide a means of
selecting the best candidate mate, ials and provides data which can be used
in aralytical models to de:ign the fir11-scale SRM nozzle.

The preferred method for evaluating which candidate materials will
perform best in the SRM nozzle is to use the subscale erosion and char data
along with SFM design s: ety factors to calculate insulation thicknesses
required for he full -.aile design. This thickness multiplied by density
will provide > :>lative weight factor. Cost can then be evalvated on the
basis of the raw material cost per pound. Materials which have potertial
for use in the SRM rozzle should have a thickress and/or density-thickness
product :-«ich is equal to or less than those determired for the baseline
material.

It is recommended that evaluation proceed as planned for the N-2 and

can be made and incorporated into the N-4 nonzzle design.
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1.0 INTRODUCTION AND SUMMARY

The N-2 nozzle was tested 2 February 1383 and was the second of four in
the subscale alterrate materials evaluaticn series. The design closely
simulated the configuration and flow profiles of the full-scale SRM nozzle.

The N-2 rozzle was the first nozzle using alternate materials for evalua-
tion. Polyacrylonitrile (PAN) based materials were used throughout the
nozzle except for the throat insulation and exit cone overwrap which used
ceramic and jlass materials, respectively.

Overall performance of the N-2 rozzle was good. Erosinn was generally
smooth and uniform except for the nose ring which experienced some unaven
erosion and a large eroded pocket at the 270-deg location. Erosion was gen-
erally less than the baseline (rayon) nozzle, and char depths were greater
except for the aft exit cone which charred about the same as the baseline.
The K411 spun PAN performed verv well and exhibited excellent structural
integrity. A description of the N-2 nozzle and a discussion of the test
data, analysis, and material performance are presert._d in subsequent sec-
tions.
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2.0 TEST OBJECTIVF

The test objective was to obtain performance characteristics of PAN

materials and ceramic mat phenolic and compare performance to that of the
baseline materials.
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3.0 DESIGN DESCRIPTION

The nozzle is a fixed, partially submerged design co’.sisting of a
steel shell, shell insulator, ~ose ring, throat ring, and exit cone
section. Overall geometry and contour simulate those of the full-scele SRM
nozzle. The N-2 nozzle is shown in Fiqure 1.

Figure 2 presents the materials used in the N-2 nozzle. Al1 of the
ablative materials were PAN-based materials and the throar insulation was a
ceramic mat phenolic. The throat, nose, and shell insulator were
hydroclave cured while the exit cone and throat insulator were autoclave
cured. The material specifics are:

Shell Insulator - Fiberite MX4961A., This material use E/XA-S 6K continuous
PAN fiber from Courtaulds Limited with a 99 percent carbon yield and a fiber

modulus of 34 million. The fiber was woven into a five-harness fabric and
preimpregnated with a phenolic resin with no filler.

Nose - U.S. Polymeric FM5879. This material uses a Hi-Tex-3K continuous
PAN fiber from Hitco. This material has a 99 percent carbon yield, a
33-millior mcdulus, ard was wover into an eight-harness fabric. A phenclic

resin with 15 percent carbon filler was used ir preimpregnated the material.
Throat - Fiberite K411. The K411 uses a Panex SWR-8 spun PAN fiber from
Stackpole Fibers Company. The spun fibers are woven into A balanced
eight-harness satin weave and thermally treated to provide a 99 percent
cart n yield and a 38-million modulus. A phenolic resin was used for
prepreging with 5 to 15 percent carbon powder filler.

Forward Exit Cone - Fiberite MX4961. Union Carbide's T300 continuous 3K
PAN fiber was used in this product. The T300 has a 92 percent carbon
yield, a 33-million modulus, and was woven into an eight-harness fabric. A
non-filled phenolic resin was used.

Aft Exit Cone - Fiberite MX4961B. This material is the same as the forward
exit cone except that' it used Union Carbide's T300-6K continuous PAK. The
phenolic resin was also unfilled.

Exit Cone Overwrap - U.S. Polymeric FM5755. This is a heavyweight E-glass,
eight-harness satin phenolic with up to 6 percent silica powder filler,
Thrcat Insulation - Fiberite MXR520. This is a ceramic fiber mat
non-filled phenolic with a high resin content (50 to 60 percent).
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Wassch Division

Specimens were taken from each ablative and insulative component and
tested for residual volatiles, resin content, specific gravity, end
compressive strength. The results presented 1n Table [ are (he average

results from three tests.

Figure 2 also shows the thermocouple locations. Two thermncounle
probes were located ir the exit cone--one at a rominal depth of 0.30C in.
from the initial flow surfare and one at (1.200 inch. Two thermocnuples
were located at a depth of 0.500 inch.

Figure 3 presents the results of the 1-U structural #ralysec of the
N-2 nozzle. Al1 components show positive margins of safety using a 1.40
factor of safety.

Figure 4 presents predicted erosion and materiai atfected depth at
selected locations. The maximum predictec backside temperature is 200°F
and occurs in the aft exit cone region,

The prefire throat diameter was 9.504 in. and firished nnzzie w2ight
was 533.5 1b. Fiqures 5 and 6 present prefire photographs o* the nozzle.
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TABLE I
SUBSCALE SPACE SHUTTLE NOZZLt
AVERAGE TAG END TEST RESULTS
(N-2 NOZZLE)
Resin Specific Compressive
Residual Content Gravity Strength
Volatiles (%) (G/cc) (psi)
Forward Exit Cone
PAN Phenolic 2.37 32.89 1.53 19,865
Aft Exit Cone
PAN Phenolic 2.21 34.50 1.50 15,344
Exit Cone Overwrap
Glass Phenolic 1.6 30.11 1.93 19,823
Throat
PAN Phenolic 2.23 34.28 1.50 18,761
Throat Insulation
Ceramic Mat Phenolic 0.57 54.97 0.93 7,39€
Nose
PAN Phenolic 1.98 32.41 1.51 54,736
Shell Insulator
PAN Phenclic 1.65 27.81 1.53 57,022
109 ooc
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4.0 POST-TEST DATA SUMMARY AND PERFORMANCE EVALUATION

4.1 NOZZLE PGST-TEST CONDITION

The nozzle was in generally good condition but showed more apparent
separation, swelling, and cur! up of the material in the aft, parallel to
centerline, wrap in the cone aft section and shell insulator.

The throat was yuite smooth and uniform and showed very little or no
swelling or ply separations. Measured erosion was less than on the N-1
baseline nozzle throat, but char appeared to be somewhat greater. The nose
ring toward its aft end showed some light, uneven washing randomly about
the circumference and a deep pocketing at the 270 deg location.

The aft cone charred, separated, and curled up material was quite soft
and low in strength and showed sevaral circumferential bands where apparent
spalling had occurred. The ceramic mat throat insulator was not heat
affected (charred); but, during metal shell refurbishment, it fractured
across the plies near the center of the part, indicating low strength of
the material.

The glass cloth insutation/structure overwrap on the exit cone liner
was intact and completely unaffected by either internal or external

environments.

The metal housing showed no indication of damage but was somewhat
discolored by heating for plastic parts removal. The post-test condition
of the plastics is shown in Figures 7 through 11.

Figure 12 shows the JPL test motor, and Figure 13 presents the
pressure-time trace for the N-2 motor. The average web burn pressure was
649 psi and the web burn time was 31.53 sec.

4.2 POST-TEST EROSION AND CHAR MEASUREMENTS

Erosion rates were calculated using average web burn time. Measured
throat erosion rates were calculated using 1/2 of the average difference of
six prefire and postfire diametrical throat measurements. Erosion at other
locations was recorded using measurements taken from the cross-sectioned
nozzle. Char thickness was obtained by direct measurement taken on the
sectioned nozzle components.
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The average prefire nczzle throat was 9.504 n.; the average postfire
throat diameter was 10.063 inches. The average throat erosion rate based
on an average web time of 31.53 sec and the postfire diametrical measurement
is 8.88 mils/sec. A typical ernsion and char profile is shown in Figure 14;
Figure 15 presents the average measured eroded depths, material affected
depths, and caiculated erosion rates as a functior of inijtial area ratio.
The material affected depth 1s the perpencicular distarce from the initijal
uneroded surface tc the char line. Stations 0, 1, and 2 on the shell

insulator were covered by the case insulation.

4.3 THERMOCOUPLE DATA

Four thermocouples, TN-1 through TN-4, were installed into the
ablative liner in the forward secticn of the aft exit cone to monitor
thermal response of the materials as they were heated by the motor exhaust
gas. TN-1 and TN-4 were installed in drilled holes 0.20 and 0.30 in. belnw
the initial surface. The other two, TN-2 and TN-3, were lacated 2.50 in,
below the surfice. Figure i€ presents measured temporature response as a

function cof time.

Just prior to testing, all thermocouples read 40°F. The initial
temperature rise for the shallnwer thermocouples, TN-1 and TN-4, occurred
at T+ 4 and T + 6 sec and continued to rise throughout the test.
Temperatures of 2,590°F (TN-1) and 2,270°F (T"-4) were recorded at 36 sec.
TN-2 and TN-3, the deeper thermocouples, showed a qradual temperature rise
over motor burn time. TN-3 recorded a temperature of 205°F at 36 sec, and
TN-2 recorded a temperature f 26C°F.

The peak temperatures of TN-1 and TN-4 indicate these instruments were
within the char depth of the material; char formation in phenclic is
generally defined as occurring within a temperature band of 800° to
1,000°F. TN-2 and TN-3 were experiencing heating but were still below the
charred region of the material.
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5.0 DATA SUMMARY AND ANALYSIS

The spun PAN materials generally eroded less than the rayon baced
materials throughout the nczzie. A 13 percent decreace in throat erosion
rate based on pre/post-test diametrical measurements was exhibited by the
spun PAN N-2 throat over the N-1 carbon cloth pherolic throat (8.88 vs
10.18 mils/sec).

A comparison of the N-1 and N-2 nozzle erosioi rates as ¢ function of
initial area ratio, is presented in Figure 17. These dats are based or an
average of four cross-sectional erosion measurements. Erosion data in
the aft portion of the aft exit cone are snmewhat questionahle due te
material swelling and some 'ncalized spaliation.

Figure 18 summarizes the material cher data which show the PAN
materials charring deeper than the ravon based materialc ercept for the aft
exit cone liner which shows them to be eauivalent. This equivalency is
attributed to the parallel-to-centerline wrapped PAN material swelling
thereby effecting more efficient thermal insulation.

Figure 15 presents desian thicknesses determined €rom the N-2 nczzle |
required to meet SRM ablative material safetv factor; i.e., 2 x erasion
plus 1.25 char except at the aft exit cone where the requirement is 1.5 x
erosion plus 1.00 char. Figure 20 shows the product of thickness and
material density; a relative weight factor. The total thickness required p
and the product of densitv 2nd thickness are parameters used to ev:luate
the relative performance of the rew materials.

A comparison of the thermoccuple data from the baseline rayon material
and the PAN materials tested in the N-2 nozzle shows the PAN materials to
be much hotter. At 0.3 in. from the surface the baseline temperature was
900 to 1,000°F compared to 2,270°F for the PAN material. At a 0.5 in.
depth the comparison is 100°F for the baseline and 200° to 260°F for the PAN
material.
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6.0 CONCLUSIONS AND RECUMMENDATIONS

The PAN materials presented ro major fabrication problems, ard all
components were considered of high quality. In general, they exhibited
lower erosion and greater char. The paraliel wrapped materials exhibited
considerable interply swelling.

The unfilled PAN exhibited considerably greater in-depth heating as
compared to the baseiine; fillers may reduce this effect.

The K411 spun PAN maileriai exhibited 13 percent less tkroat erosion than the
baseline FM-5055 carbon cloth L:ased or pre/post-test diametrical
measurements. This material also exhibited superior char structural
integrity and no delaminations. It is recommended that tne K411 be
evaluated in other areas of the nozzle in subsequent tests.
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1.0 INTRODUCTION AND SUMMARY

The N-3 nozzle was tested 6 April 1983 and was the third of four in
the subscale alternate nozzle materials evaluatinn series. The design
closely simulated the configuration and flow profiles of the full-scale
SRM nozzle.

The N-3 nozzle is the second neczzle using alternate materials for
evaluaticn. Pitch materials were used in the nose and throat, filled
cortinuous polyacrylonitrile (PAN) materials in the shell insulator and
forward exit cone, and a lightweight PAN in the aft exit cone. A low

*

density glass was used to insulate the throat,

Overall performance of the N-3 nozzle was good. Erosion was gener-
ally smocth and uniform. The pitch throat eroded less than the baseline
rayon- and PAN-based materials; however, the cha~ depth was considerably
greater. The shell insulator and forward exit cone erosion was about the
same 2as the previous PAN test and less than the baseline material. The
aft exit cone low density material performance was about the same as the
previous PAN and baseline rayon tests.

The pitch material char rate was too great for use in the SRM nozzle.
Tne low dencity PAN performance was good and will be further evaluated in the

next nozzle test.

A description of the N-3 nozzle and test data is presented in the
following sections.
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2.0 TEST OBJECTIVE

The objective of the test was to obtain performance characteristics
! of standard density pitch and PAN materials and low dersity glass and PAN
‘ materials under static test conditions for comperison to baseline mate-

L3 R
.
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3.0 DESIGN DESCRIPTION

The nozzle is a fixed, partially submerged cdesign consisting o7 a stee]
shell, shell insulator, nose ring, th.cat ring, ard exit cone section.

Overall geometry and contour simulate those of the full-scale SEM nozzle.
The N-3 nozzle is shown in Figure 1.

Figure 2 presents the materials used in the N-2 nozzle. The throat and
nose used pitch materials, the forward exit cone/center exit cone and shell
insulator used PAN materials, and the aft exit used a Tow density PAN mate-
rial. The throat insulation was a glass mat phenolic. The throat, nose,
and shell insulator were hydroclave cured while the exit cone and throat
insulator were autoclave cured. The material specifics are:

Shell Insulator

U.S. Polymeric FM587SA. Hercules AS4-3K cortinucus PAN fiber is used
in an eight-harness weave. The fiber has a 34-million modulus anc a 94
percent carbon yield. A 15 percent filled phennlic resin is used.

Nose

1J.S. Polymeric FM5750A. This is U.S. Polymeric's pitch materisl using
Union Carbide's VC0162-4K fiber woven into an eight-harness fabric and then
carbonized. This pitch fiber has a 45-million modulus and a 99 percent
carbon yield. The phenolic resin has 15 percent carbon powder filler.

Throat

Fiberite K458. This material used Unien Carbide's P55 carbon fiber
grade VSB-16 which is a 4,000 filament continuous fiber from a pitch pre-
cursor. The fiber has a 45-millior modulus and 99 percent carbon yield,
The fiber is fully processed and then woven into & five-harness fabric and
impregnated with a filled phenolic resin.

Forward Exit Cone

U.S. Polymeric FM5879B. Celion 3K continuous PAN fiber in an eight-
harness weave is used. The fiber has a 34-million modulus and a 96 percent

carbon yield. Fifteen percent carbon powder filler is added to the phenolic
resin.
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Center Exit Cone

U.S. Polymeric FM5879C. This material uses 3 Hitco Hi-Tex-6K coantinu-
ous PAN fiber with a 33-millior modulus and a 94 percent carbon yield, The

phenolic resin is 15 percent filled. °

Aft Exit Cone

Fiberite MX134LD. This is a lightweight PAN material with a density
of 1,0 to 1.30 g/cc. An open plain weave of Union Carbide's T-300 3! fiber
is ucsed. This material uses 10 to 13 percent carbon micraballoon filler and
38 to 44 percent butediene-acrylionitrile modified phenolic resin.

Exit Cene Qverwrap

U.5. Polymeric FM5755, This is a heavyweight E-glass, eight-harness
satin phenclic with up to 6 percer? silica powder filler.

Threat Insulation

U.S. Polymeric FM5898. This is an E-glass fiber mat with a cured
composite density of 1.0 a/cc. It has a high phenolic resin content (66

percent) and no filler.

Specimens were taker from each ablative ard insulative component and
tested for residual volatiles, resin content, specific gravity, and compres-
sive strength. The results presented in Tabie I are the average results
from three tests.

Figures 3 and 4 show the thermocouple locations and reguired/mezsured

hole depths. Sixteen thermocouple probes were located in the exit cone--4
each at depchs of 0.2, 0.3, 0.4, and 0.5 in. at expansion ratios of 2.0,

3.3, 5.0, and 6.2.

Figure 5 presents the results of the 1-D structural analyses of the N-3
nczzle. A1l components show positive margins of safety using a 1.40 factor
of safety.

Figure 6 presents predicted erosion and material affected depth at
selected locations. The maximum predicted backside temperature is 200°F and
occurs in the aft exit core region.

The prefire throat diameter was 9.499 in. and finished nozzle weight
was 531.3 1b. Figures 7 and 8 present prefire photographs of the nozzle.
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v
!
\
PLANE REQUIRED DEPTH MEASURED DEPTH
STATION (DEG) (IN.) (IN.)
+0.000
1 10 2.900 " "0 2,695
g 2 1.020 1.011
3 0.800 C.79¢
. 4 0.800 0.794
v + 0.000
- 7
1 110 2.800 - 0.030 2.796
., 2 0.920 0.918
3 0.700 0.697
' 4 ore | 0.697
+0.000
i 1 190 2600 o o0 2598
: 2 0.820 0.817
3 0.600 0.596
1 4 ' 0.600 i 0.598
+ 0.00°
1 290 2.400 0.0350 2.398
2 0.720 I 0.719
3 0.500 0.495
4 { 0.500 0.498
']
Figure 4. N-3 Nozzie Thermocoupile Hole Depths
149 poc l
REVISION A NO. TWR-13919
— 8&C - PASE



MORTON THIOKOL. INC.
Véasatch Division

O9- 90008

s1sAjeuy |RININAS AHZZON ¢-N ‘S unBig

10

e e epae oy

VISJ 0£8 = JOIW ANV NHNE IHA OLNI SONODIS Z€ LV GILONANOD 3UIM SISATYNY TTV.. o
) SSIBLS X V'L &
'L = ALIAVS 40 HOLOVS IHIHM | - =S, :
$S3u1S 3aVMOTIV - oW n.n..u1
=
69’1 000°0% £59'¢ Ald HLIM NVd ALISN3A MO s
160 000'ElL- oLL't- Ald HLIM HLO1D SSY19 y )
sz 009's- ve9'l- Ald HLIM NVd SNONNILNOD £ $s| 8
gt 001'6 006'2 Ald HLIM NVd SNONNILNOD 4
160 008'z- 098- Ald HLIM HOLId L
SW SSaULS SsauLs 3dAL SSIYLS Svid31vm +-SINIOd
378VMOTIV SISATYNY

150

N\

77

REVISION A

cearow P e mme cmmemn o e o

g




11

sasAjBuy |Ruudy ) dZZON £-N 9 nBiy

(92°k = ©'S) I1ZZON €-N NI IVIHILVIN 40 ALISNIA = €N . &N
(261 = 9°S) 37ZZON 2-N NI IVIHILVIN 40 ALISNIQ = Z-N ¢ I4THM ‘TIZZONZ-N X o~ = NOISOHE (o

(S NUHL € SNOILVLS) 31ZZON Z-N = NOISOMI (9

(Z ONV 1 SNOLLYLS) 31ZZON 1-N X 990 = NOISOY3 (® @
(9 NUHL € SNOILVLS) F1ZZON Z-N = ¥VHD (§

(Z GNV | SNOILVYLS) 31ZZON 1-N X 80°Z = VMO (¢ (1)

'Pm

_TMR-13919

0z (§70 S¥'0 6'S 616 0L0 S0°L 9
0 ¥ S¥0 0 0 90'i e S .
0L £'si 6v'0 90 200 9L 'l » wm m
0L 602 290 £9 4] 9L i £
0L €02 $9'0 A £20 (TN 004 r
8L 8z 150 9's 810 sL'L vez- 3
(40) (03sunw) ND (03s/sUN) N N1 (.v/v) OlLYY NOILVLS

3YNLVHIdNIL 41V Hid3a aivy Hldaa SSINMNOIHL NOISNVIX3

0VANOVE  Q3L10344v 0312344V MOISON3I {z)NOISOu3 —
H3INN IVIHILVN () IVIHILVN =2

HYHD

NOISOH3 I\

IOKOL. INC.

MORTON TH
Wasawch
REVISION B

o ot W 0w memt e o o s e e o — - ey
! Qr ’ ) & g
. . . . e A N Lo . . .
[P e .. . . L : '



2 A

MORTON THIOKOL. INC

Wasatch Division e
ORIGINAL FrJ1 &
OF POOR QUALITY

-
Yy o,
—4 U523 T .
[

Figure 7. N-3 Nozzie Pretest
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4.0 POST-TEST DATA SUMMARY AND PERFORMANCE EVALUATION

4.1 NOZZLE POST-TEST CONDITION

The nozzle was in good post-test condition and there were no major
anomalies. The throat and nose sections of pitch material showed gocd
integrity. There were no delaminations in the throat even though it
charred completely through. The nose ring was unbonded from nozzle, had
several delaminations, ana was charred completely through also. Both
pitch parts had excellent char integrity.

The shell insulator had one delamination at the forward tip which is
a substantial improvement over the previous ones.

The exit cone performed similar to the past tests. The forward exit
cone wrapped 30 deg to centerline showed no delaminations but a fairly
deep char. The center exit cone section performance was good with no
anomaiies. The low density PAN aft exit cone showed minor erosion and
some¢ lifting ¢f plies and some spallation.

The glass throat insulation experienced surface char and had three
hoop fractures with evidence of char in the cracks.

The glass cloth insulation/structure overwrap on the exit cone liner
was intact and completely unaffected by either internal or external
environments.

The metal housing showed no indication of damage but was somewhat
discolored by h~ating for plastic parts removal. The post-test conditions
of the plastics are shown in Figures 9 throuah 16.

Figure 17 shows the JPL test motor and Figure 18 presents the
pressure-time trace for tha N-3 motor. The average web burn pressure was
658.8 psi and the web time was 31.56 sec.

4.2 POST-TEST EROSION AND CHAR MEASUREMENTS

Erosion rates were calculated using average web burn time. Measured
throat erosion rates were calculated using one-half of the average difference of
six prefire and postfire diametrical throat measurements. Erosion at other
Tocations were recorded using measurements taken from the cross sectioned
nozzle. Char thickness was obtained by direct measurement taken on the sec-

tioned nozzle components.
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Figure 17. Test Motor Assembly i
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The average pretire nozzie throat diameter was 9.499 in.; the
average postfire nozzle throat diameter was 10.045 inchec, The average
throat erosion rate based on an average web time of 31.56 sec and the
postfire diametrical meastrement is 8.65 mil/sec. A typical erosion and
char profile is shown in Figure 19; Figure 20 presents the average
measured ernded depths, material affected depths, and calculated evrosion
rates as a function of initial area retio. These data are based on average
measurements taken from four nozzle cross sections (0, 90, 180, and 270
deg). Material affected depth is the perpendicular distance from the
initial uneroded surface to the char line. Stations 0, 1, and 2 on the
shell insulation were covered by the case insulation.

4.3 THERMOCOUPLE DATA

Sixteen thermocouples (Figures 13 and 14) were installed in the exit
cone to measure material thermal response. The four forward thermo-
couples were grounded metal sheath type similar to those used ir the
prior two tests. These probes functioned satisfactorilv except for T1-110
(initially 0.3 in. below uneroded flow surface) which recorded tem-
peratures lower than those at 0.4 in. from the uneroded surface. T1-110
data are therefore considered to be invalid. The 0.2 in. deep thermo-
couple measured approximately 1,700°F at cnd of burn. This compares to
2,580°F measured in the last test in the same location in an unfilled PAN
material., This substantiates that cne filled materials have lower

thermal conductivity and are probably better suited for nozzle applica-
tion.

The other 12 thermocouples were plug-type instruments using low
density PAN material as the plug with ungrounded wires twisted together
at the tip. These plugs were bonded into predrilled holes in the center
and aft exit cone. The data were erratic for all of these thermocouples
and investigation into this problem disclosed that they should have been
grounded with welded tips. The next test will use thermocouples with
these features. Figure 21 presents the forward thermocouple data.
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5.0 DATA SUMMARY AND ANALYSIS

A corparison of the N-1, N-2, and N-3 rozzle ercsicn rates as a
function of initial area ratio is presented in Figure 22. These data are
based on average cross sectional measurements. The filled PAN, located
in the shell insuiator, fcrward, and center o't cenes, eroded similar
to the unfilled PAN on N-2, and less than the baseline materials in N-1.
The Tow density PAN, located in the aft exit cone, ernded about the same
as the baseline materisl; however, the data ere somewhat gquestionable
due to the material swelling and some localized spallation.

Fiqure 22 indicates that the pitch material ereded sliuhtly more
than the PAN ard baseiine materials in the nose ard throat reqions.
However, diametrical measurcments sheow that the pitch material eroded
less in the throat area (8.65 mii/sec) than the spun PAN of N-2 (8.88
mil/sec) and the baseline rayon (10.18& mil/sec). A 15 percent decrease
in throat erosion rate based on diametrical measurements was exhibited
by pitch material over the N-1 carber cloth phenolic.

Figure 23 summarizes the material char data wnich shows the pitch
materials charring deeper thar the ravon and PAN based materials. Char
depths in spun PAN and filled/unfilled DAN materials are approximately
50 percent greater than baseline rsyvon material. The filled PAN charred
about the same as the previously tested PAN anc the Tow density PAN
performed the same as both the baseline meterial and standard density
PAN in the aft exit cone.

Figure 24 presents design thicknesses determined from the N-1, N-2,
and N-3 tests required to meet SRM abiative material safety factor;
i.e., 2 x erosion plus 1.25 char except at the aft exit cone where the
requirement is 1.5 x erosion plus 1.0 char. Figure 25 shows the product
of thickness and material dersity, a relative weight factor. The total
thickness required and the product of density and thickness are
parameters used to evaluate the relative performance of the rew
materials.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The PAN and pitch materials presented no fabrication problems and all
components were considered of high quality. The pitch materials charred too
deeply and are not suitable for use in the SRM nozzle. The filled PAN
exhibited Tower thermal conductivity than the unfilled PAN material. The
low density PAN material performed very well, appears to be well suited
for SRM use, and will be further evaluated ir the N-4 nozzle test.
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b 1.0 INTRODUCTION AND SUMMARY

P

The N-4 nozzle was tested cn 17 August 1v8s and was Lhe fourth subccale
alternate nczzle materials evaluatior test. The design closely simulates
the configuration and flow profile of the full-scale SRM nozzle.

The N-4 nozzle is the third nczzle using aliernate materials for evalu-
ation. Spun PAN materials were used in the shell insulator, nose, throat,
and forward exit ccne, and low density PAN materials were used in the eft
exit co.e. The threat insulation was glass mat phenolic. The exit ccne

; overwrap was filament wound graphite epoxy.

Overall performance of the N-4 roziie was goced. Erocicn was smooth and
uniform.

§~f Alternate materials can be used in the full-scale SRM nozzle., providing
an acdditioral 360 1b of payload capacity.

Due to risks associated with Lthe introduction and qualificatior of new
nozzle materials and the STS-8A nczzle erosinn aromaly. 3% was decided not
10 incorpora“e the alternate materiels in a fuli-scale nozzle at this time
@ and no additicral alterrate material. tests are planned,

W ING PATE BTANK RO¥ FyeEvVT™

m«.ﬂi.mmwm

185 20¢ TWR-31475 |

p.___J REVISION e v

ot 2 .

s o o gt

SEC ' PAGE

T e L RS T : .



3 85297-4. 2

" MORTON THIOKOL. INC
Wasatch Division

2.0 TEST OBJECTIVES

The objectives of this test were to:

1. Obtain performance characteristics of spun PAN
materials, low density PAN materials, glass mat
phenolic, and graphite epoxy overwrap in the sub-
scale test motor.

2. Evaluate And compare performance of new materials .
to baseline materials under static test condi-
tions.

3. Establish a data base for redesign and analysis of

% the full-scale Space Shuttle nozzle.
186
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3.0 DESIGN DESCRIPTION

The nozzle is a fixed, partiaily submerged design consis.ing of a
shell, shell insulator, nose ring, throat ring, and exit cone section.
Overall geometry and contour simulzte those of the full-scale SRM nnzzle.
The N-4 nozzie is shown in Figure 1.

Figure 2 shows the materials used “n the N-4 nnzzle, The sheil
insulation, nose, throat, and forwavd exit cone usec spun PAN materizls, the
aft exit cone used lov densitv PAN materials, the thrnat insrlation used
glass mat phenolic, and the exit coie overwrap used 2 graphite epoxy. The
shell insulator nose and throat ring were hydroclave cured while the threoat
insvlation, forward oxit rore, aft exit ccne, and exit cone overwran were
autoclave cured., The materiegl specifics are:

Shell [rsulator aencd Mose

Fiberite K411. This material is a phenolic resin impregnated balanced

eight-harness satir weave fabric. Tae pherolic resin cortains 5 to 15
percent by weight carbon powder filler, and the carben fabric ic a product
of Stackpnle Fibers Co., known as Panexe SWB-S. The fabric is woven from
Fanex 30Y/8J30d carbon varr, which is made by spinring PAN filaments prior to
being carbonized. The carbon Tilaments contain 99 percent carbon, hy
veight, and have a 38 x 106 psi tensile modulus.

Throat,

Fiberite K411A. This material is a phennlic resin impregnated
balanced eight-harness satir w2ave fabric. The phenolic resin contains 10
to 18 percent by weight carbor powder filler, and the carbon fabric i< a
preduct of Polycarbon Incerporated, designated as PCSA. The fabric is
woven from carson yarr, which is made by spinning PAN filzments prior to
heing carbonized. The carbon filaments contain 99 percent carbon, by
weight, and have a 38 x 106 psi tensile modulus.

U.S. Polymeric FM 5834. This material is a phenolic resin impregnated
baianced eight-harness satin weave fabric. The phennlic resin contains 13

to 18 percent by weight carbon powder filler, and the carbon fabric is o
product cf Stackpole Fibers Co., known as Panex® SWB-8. The fahric is woven
from Parex 30Y/800d carbon yarn, which is made by spinning AN filaments

B 187 % TWR-31475 |

REVISION

SEC I PAQE

R AT D AR A Iy

TN Rt s e o



(912zON t-N) uonduiasaq 3lzzoN apinys asedg afeasqng | ainBi4 <

TWR-13475

HOLVINSNI T13HS

T73HS .._mm._.wl/

..I;l dVHMH3IAO 3NO2 1IX3 mo 2
Zt v
AL NOILVINSNI
7 .y »<ozd_.;
\ /, / ~xo— & N
) \
INOD LIX3 14V R / 3
UWDO\‘N ~—
via rd 93g of
0Zy'Se
3INOD LIX3 QEVMEOS 3ISON
1VOHHL
via
“ 0056

m K B _
i N
]

@

>

B “

- o e e e ——

e R v -
i ean f M P I 3 LR TN




M

W

r:

ORIGINAL
OF POOR @

MORTON THIOKOL. INC.

Wasatch Division

fo,.

UALIT

e e -

P

(31zz0N v-N) xuieW 1531 [euaje ajzzoN amInys adedg ajeasqng -z ainbiy

JAM NIVd 2AM ONIT 3AM ONIT 286/pSY 3JAM NIVId 270dNOVLIS SHVYIAIOd SSVYID 3. | 310dNIVLS BUYOAIOd | 310dNOVLS A704NI¥LS
(NE) NVYd G711 (39) NVJ al] (x9) NVd Q1 AXdI HdY®D | (NE) NYd Q1 NVd NNdS NV¥Yd NNdS 1Y O NVd NNdS NVYd NNdS NVd NNdS NVd NNdS
Ve06SWN4 196 XN 806SW 1%4: %4 3 € QIvELXN [§8 51 YyeosSnd 296r XM reEeSnd viieN 138 5 ] (485}
t4 8 49 oL -3 8 1 9 S 1 4 4 T 8
V-V NOI1D3S
6 VA S
— |
t4 8 \
L GO TN
3 /77
Z e

Doc
NO.

189

5

: l!‘é"

THR-31475

S&C

REVISION B




O T Ny S

P A ]

06 PR UCEY SIS

ro

5207-4.4

~

MORTON THIOKOL. INC.
Wasacch Division

prior to being carbonized. The carbon filaments rcontain 99 nercent carbon,
by weight, and have a 3R x 106 tensile modulus.

throat Insulation

Fiberite MX 4068, Tnis material is a phenonlic resir impregnated

E-Glass fiber mat with a cured density of 1.0 to 1.1 q/cm3. The phernlic

resin contains no fillers.

Forward Exit Cone

i.S. Polymeric FM 5834A. This material 1s a phencliic resip impregnatecd

balanced eight-harness satin weave fabric. The phernlic resian contains 13
to 18 percent by weight, carbor powder filler, and the carbon fabric ic a
pronduct of Polycarben Incorporated, designated as PCSA. The fabric ic woven
from carbon yarn, which 1s made by sp'rrina PAH filaments pricr to carboniz-
ing. The carbor filaments ccrtain 99 percent carbon, by weight. and have a
38 x 105 psi tensile modulus.

Fiberite K411. (Same as Shell Insvlatar ard HMose)

Aft Exit Cone

Fiberite MX 134LD. This material is a phenolic resin impreqnated cpen

plain weave fabric. The cured material has a low dersity of 1.G tn 1.30
g/cm3. The 37 to 44 pe.cent, by weight, bhutadiene-acryloritrile modified
phenolic resin cortzins 10 to 13 percent, bv weight, carocn microbelloon
fil'er, and the fabric is wover with Unicn Carbide Cerporation Thornele
7-300 grade WYP 30-1/0 carbon yarn. The yarn contains 3,000 filaments made
by carbonizing PAN contirucus filament. The carben filaments certain 02
percent carbon, by weight, and have a 33 x 106 psi tensile mcdulus.

U.S. Polymeric FM 5908. This material is a phenclic resin impregnated

mock leno weave (an open weave with intersections that draw @ group of warp
and fill yarns together). The cured material hrs a low density of 1.0 to
1.3 g/cm3. The phenolic resin contains 10 percent by weiaght carhon
microballcon filler, and the fabric is weven with three burdles of Hitco
Hitexe carbon yarn. The yarn contains 6,000 filamerts made by carbonizing
PAN continuous filaments. The carbon filaments certain 94 percent carbon,

by weight, and have a 33 x 106 psi tensile modulus.

130 %9C TR-31475 I
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Fiberite MX 49567. This material is a phenolic resin impregnated mock
leno weave (an open weave with intersections that draw a group of warp and
fill yarns together). The cured material has a low density of 1.0 to 1.3
g/cm3. The phenolic resin contains 9 to 13 percent, by weight, carbon
microballoon filier and the fabric is woven with bundles of three Celanese
Corporation Celion® carbon yarns. The yarn contains 6,000 filaments made by
carbonizing PAN continuous filament. The carbon filaments contain 93

percent, by weight, carbon and have a 34 x 106 psi tensile modulus.

U.S. Polymeric FM 5908A. This material is a phenolic resin impregnated
open plain weave fabric. The cured material has a Tow density of 1.0 to 1.3
g/cm3. The 38 to 44 percent, by weight, butadiene-acrylonitriie modified

phenolic resin contains 8 to 12 percent, by weight, carbon microballoon

filler, and the fabric is woven with Hitco Hitex® carbon yarn. The yarn
contains 3,000 filaments made by carbonizing PAN continuous filament. The
carbon filaments contain 94 percent carbon, by weight, and have a 33 x ]06

psi tensile modulus.

Exit Cone Qverwrap

Fiberite FX 425B21. This material is an epoxy imnpregnated high
rodulus graphite Hercul2s Incorporated AS-4 12,000 filament yarn that is

made using a PAN continuous fiber precursor. The resin is a Fiberite
Corporation 982 epoxy resin. The cured density is 1.55 g/cm3. The
craphitized filaments contain 94 percent carbon, by weight, and have a 34 x

106 psi tensile nodulus.

Specimens wer> taken from efth ablative and insulative cc.aponent and
tested for residual volatiles, resin content, specific gravity, and
rompressive strength. The results presented in Table I are th= average
results from three tests.

Figures 3 and 4 show the thermocouple locations and required/measured
hole depths. Sixteen thermocouple probes were located in t - exit cone--4
each at depths of 0.2, 0.3, 0.4, and 0.5 in. at expansion ratios cf 2.0,
3.3, 5.0, and 6.2.
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TABLE 1

SUBSCALE SPACE SHUTTLE NOZZIE
AVERAGE TAG END TEST RESULTS
(N-4 NOZILE)

Residual Resin
Volatiies Content Specific
_ %) (%) _Gravity
Shell Insulator 1.81] .5 1.53
Nese 2.04 33.55 1.52
Throat
Forward 1.64 24.15 1.52
Aft 2.5C 32.79 1.52
Throat Insulation 0.39 €1.87 1.06
Forward Exit Cone
Forward 1.83 37.€1 1.51
Aft 2.24 32.70 1,53
Aft Exit Cone
Forward 2.99 36.45 1.30
Forward Middle 2.59 46 ,38* 1.2]
Aft Middle 1.23 47 ,73* 1.23
Aft 1.07 41.18 1,32
*Based on a K-Factor of 1.66
Fiber Resip Void

Volume(%) Weight(%)  Volume{%)

Exit Cone Overwrap 59 3.3

0.75

85297-3.4

Compressive
Strength

(psi)

18,931
20,561

21,795
21,105

10,465

22,474
17,387

28,779
17,120
14,435
41,857

Short Beam
Shear

8,947 psi (polar)
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Figure 5 presents the results of the 1-D slructural analyses of the N-4
nozzle. A1l components show positive margins of safety using a 1.40 factor
of safety.

Figure 6 presents predicted erosiun and material affected depth at
selected locations. The maximum predicted backside temperature is coU®f and
occurs in the aft exit cone region.

The prefire throat diameter was 9.503 in. and finished rozzle weight
was 517.3 1b. Figures 7 and 8 present prefire photographs of the nozzle.
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Wasatch Division

4.0 POST-TEST DATA SUMMARY AND PERFORMANCE EVALUATION

4.1 NOZZLE POST-TEST CONDITION

The nozzle was in good pest-test condition. No major anomalies were

observed. The nose, throat, and forward exit cone showed excellent integrity
with very even erosion and char profiles.

The shell insulator had one celamination at the forward tip and several
areas of swelling of charred plies around the outside diameter.

The nose and throat sections showed no signs of anomalies. Overall

erosion was less than, and overall char was slightly higher than, the N-1
nozzle.

The glass mat throat insulator was completeiy intact and unaffected.

The forward exit cone sections showed lower overall erosion and higher
overall char than the N-1 nozzle.

Aft exit cone sections performed similar to past tests. Ercsion was

very smooth and uniform. The last aft section of test material showed some
lifting of plies.

The graphite epoxy overwrap on the exit cone liner was totally intact
and unaffected by the internal or external environments.

The metal housing showed no indication of damage. The post-test
condition of the plastics is snow in Figures 9 tihrough Z1.

Figure 22 shows the JPL te:zt motor and Figure 23 presents the pressure-

time trace for the N-4 motor. The average web burn pressure was 654.4 psi
and the web time was 32.42 sec.

4.2 POST-TEST EROSION AND CHAR MtASUREMENTS

Erosion ratves were calculated using average web burn time. Measured
throat ernsion rates were calculated using one-half of the average difference
of six prefire and postfire diametrical throat measurements. Erosion at
other lgrcations was r2corded using measurements taken from the cross

cectioned nozzle. Char thickness was obtained by direct measurement taken
on the sectioned rozzle components.
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MORTON THIOKOL INC.
Dvia

The averag: prefire nozzle throat diameter was 9.503 in.; the averaqe
postfire nozzle throat diameter was 10.020 inches. The average throat
erosion rate was based on an average web time of 32.42 and thz postfire
diametrical measurement is 7.97 mil/sec. A typical erosion and char profile
is shown in Figure 24. Figure 25 presents the average measured eroded
depths, material affected depths, and calculated erosion rates as a function
of initial area ratio. These data are based on average measurements taken
from four nozzle cross sections (0, 90, 180, and 27C deg). Material affect-
ed depth is the perpendicular distance from the initial uneroded surface to
the char line. Sections 0, 1, and 2 on the shell insulation were covered by
the case insulation.

4.3 THERMOCOUPLE DATA

sSixteen thermocouples (Figures 3 and 4) were installed in the exit cone
to measure material thermal response. The six W5 percent RE/W26 percent
RE thermocouples were grounded with a tantalum sheath, beryliia insulation
and welded tips. i1he ten Chromel/Alumel thermocouples were grounded with an
Inconel sheath, magnesia insulation and welded tips. These thermocouples E
were chosen over the ungrounded, twisted wire tip type used in the previous :
N-3 test due to erratic behavior. All of the thermocouples performed satis-
factorily. Forward thermocouples recorded temperatures lower than N-2
and N-3, but _.igher than N-1. Figures 26 through 29 present the thermo-
couple data.
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5.0 DATA SUMMARY AND ANALYSES

A comparison of the N-1, N-2, N-3, and N-4 nnzzle erposion rates based
on average cross sectional measurements is presented in Figure 30. The
continuous PAM materials exhibited the best erosicn resistance in the nose,
inlet, and forward exit cone regions. Spun PAN, pitch, and the baseline
FM5055 carbon cloth were all tested in the throat. The spur PAN exhibited
the Towest overall erosion rate. Based on pre/pecst-test diametrical
measurements, the spun PAN eroded 13 and 22 percent less than the baceline
(8.88 and 7.97 mil/sec vs 10.18 mil/sec): with the pitch material erading
15 percent less than the baseline carbon cloth (8.65 vs 10.18 mil/sec). A
summary of the diametrical throat erosion ratec is presented in Fiqure 31.

Erosion in the exit cones varied between 0 and 4.5 mil/sec and was
variable down the cone. It appears that the continuous PAN, bacnline
material, and low density materials eroded approximately the same in this
environment,

Figure 32 shows the material affected depths for the N-1, N-2, N-3,
and N-4 nozzles. The baseline material shows to be the best performer in
the nose, inlet, throat, and forward exit core reginns. A1l materials
looked equivalent in the aft cone. The pitch material used in the inlet
and throat regions of the N-3 nozzle showed much greater char depths than
the other materials.
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6.0 CONCLUSIONS AND RECOMMENDATION

The PAN and pitch materials tested presented no manufacturing
difficulties. The pitch materials charred much too deeply and would not be
considered suitabile for use in the SRM nozzles. The filled PAN materials
demonstrated lower thermal conductivity than the unfilled PAN materials.
The low density PAN materials demonstrated good performance in the exit
cone region. These materials appear to be well suited for use in the SRM
nozzles. The mock leno and plain weave low density PAN materials performed
equally in these tests.

The spun PAN materials exhibited superior char integrity, Stackpole and
Polycarbon both performed equally.

The use of PAN materials in the throat decreased er.sion 13 to 22
percent. It is recommended that a high fired continuous PAN be tested i;
the throat in future nozzles. The graphite epoxy exit cone overwrap
performed well.

From the resuits of these tests, it has been concluded that a full-scale

SRM nozzle can be designed using selected materials tested in this program.
The alternate full-scale SRM nozzle design, shown in Figure 33, would (1)
weigh less (approximately 1,430 15 per nozzle) than the currently qualified
SRM nozzle assembly; (2) include PAN-based carbon cloth phenolic material in
the throat region to provide a 13 to 22 percent decreased erosion (approxi-
mately 0.125 sec ISp gain) over that experienced with the baseline rayon-
based carben cloth phenolic material; employ lightweight PAN-based carhon
cloth phenolic material for the aft exit cone, fixed housing, and cowl; use
lightweight glass phenolic material for all insulator components; have a
PAN-based graphite epoxy filament wound exit cone structural overwrap;

and (3) provide an estimated 360-1b increased payload cavability for Space
Shuttle launches. 1Included in the total payload gain (360 1b) is 10C 1b due
to reduction in throat erosion and 260 1b associated with reduced nozzle
weight.

Due to the risks associated with introduction and qualification of new
nozzle materials, with relative limitec test data and the STS-8A nozzle ero-
sion anomaly, MSFC has decided not to incorporate the alternate materials in
a full-scale nozzle at this time. No additional alternaie materials tests

are planned.
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