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FORE~IORD 

The work described in this document was performed by Morton Thiokol, 

Inc./Hasatch Division nHI/WD) under National Aeronautics and Space Adminis·· 

tration, George C .. Marshall Space Flight Center (NASA-~~SFC), Contract Noo 

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 subscal e nozzl e test program to eval uate erosion, char, and thermal 

performance of polyacrylonitrile (PAN)-based and pitch-based car'bon cloth

phenolic ablative materials; ceramic fiber mat-phenolic and E-glass fiber mat

phenolic insulator materials; and, a PAN-based carbon fiber-epoxy fflament 

wound structur~ overwrap materi~ • 

A 9.5-inch throat di ameter subscal e Space Shuttl e Sol i d Rocket Motor 

(SRM) nozzle assembly was designed by MTI/WD and NASA-MSFC. A lO,OOO~b pro

pellant subsc~e reusable test motor was designed by JPL. Four motor-no e 

. tests were performed by JPL. The test nozzl es were eval uated by MTI/WO. 

Conc'l usions and recommendations were made by MTI/WO and NASA-MSFC. Test 

reports, which incl ude summary eval uations and analyses, and concl usions 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 ~1anager 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. ~oyd A. Anderson. 

iii 



This Page Intentionally Left Blank 



ABSTRACT 

Under a NASA ... MSFC funded program, four subscale solid rocket motor 

tests were conducted succE~ssfully by JPL to eval uate alternate nozzle 

liner, insulation, and exit cone structural overwrap components for possible 

app 1 i cat i on to the Space Shuttl e So 1 i d Rocket Motor (SRM) nozz 1 e assemb ly. 

The 10!tOOO-lb propellant motor tests each simulated, as close as practical, 

the configuration and operational envi ronment of the full-scale SRM, and had 

(1) a 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 burning rate of 0.340 in./s at 650 psia and 77°F, and (5) an 

average thrust of approxi mately 75,000 1 bf" Fi fteen PAN-based and three 

pitch-based carbon-phenolic nozzle liner 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 resina 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

e 1 u ded by MTI/WD (the fabr'i cator and evaluator of the test nozz 1 es) and 

NASA-MSFC that it was possible to design an alternate-material full-scale 

SRM nozzle assembly, which could provide an estimated 360-lb" increased pay

load capability for Space Shuttle launches over that obtainable with the 

current qual i fi ed SRM des i ~]n. It woul d use" (1) PAN-based carbon-pheno 1 i c 

materi al in the throat regi on, (2) 1 i ghtwei ght PAN -based ca rbon c 1 oth-pheno"li c 

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 anomaly, 

NASA-MSFC decided not to incorporate the alternate materials in a full-scale 

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

are planned. 
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I. INTRODUCTION AND SUMMARY 

The Space Shuttl e SRM nozzl e uses Rayon-based carbon cloth-phenol ic 

as the qual i fi ed basel i ne materi al.. Each SRM nozzl e assembl y uses approxi

matel y 14,000 1 b of Rayon -based carbon cloth -phenol i c materi al in its man u

facture.. Two newer carbon cloth-phenol;c material s, 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 materi al.. These materi al s offer the potent; al 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 perfo rman ce of PAN-ba sed and pi tch -based carbon cl oth-pheno 1; c 

materi al s in s irnul ated full-scal e SRM nozzl e envi ronments. 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 

coul d be reduced by 21% and 40% wi th the use of PAN-based and pi tch-based 

carbon cloth-phenolic materials, respectively. At the 40% reduction in 

throat eros ion rate, the full -scal e SRt1 del i vered speci fi c i mpul se coul d be 

increased by 0 .. 6 s, and would provide an estimated 500-1b increase in the 

Space Shuttle payload capability. 

Based on the successful test resul ts from the 2.2-inch and 4.0-inch 

throat diameter nozzle tests, NASA-MSFC initiated,in February 1982, a final 

subsc~e noz~e test program for ev~uation of the PAN-based and pitch-based 
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carbon cloth-phenol i c materi al s before commi tment to full-scal e SRM al ternate 

nozzle design and qualification tests .. A joint nozzle design effort between 

NASA-MSFC and MTI/WD was in i t i ated, and a 9 .. 5-i nch throat diameter nozzl e 

design, which simul ated (as close as feasibl e) the full-scal e SRM nozzl e 

configuration, was established. Also, a test motor design effort by JPL was 

initiated, and a new reusable subscale test motor, which simulated (as close 

as pract i cal) the full -scal e SRM motor, was establ i shed" The t4TI/WD manufac

tured four subscale nozzle assemblies, using the full-scale SRM manufac

turi ng processes and procedures.. JPL fabri cated the four test motors, and 

conducted the four motor-noz~e static tests, under ground~ev~ conditions, 

at its ETS facil ity. 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 motor was designed to (1) have a burn time of 

about 32 s, (2) operate at an average chamber pressure of about 650 ps i a, 

(3) have a burn rate of 0.340 in .. /s at 650 psia and 77°F, (4) contain about 

10,200 1 b of propel 1 ant, and (5) produce an average thrust of about 75,000 

1 bf .. 

The report contains (1) a description of each of the four subscale 

SRM nozzle assemblies (N-1 through N-4) that were tested (N-l being the base

l ine assembly, which was fabricated using the same abl ative, insul ation and 

structural composite materials as the current qualified SRM nozzle, and N-2 

through N-4, inclusive, having been fabricated using alternate ablative, insu-

1 at i on an d structural compos i te materi al s ), (2) a descri pt i on of the SRM nozzl e 

assembly baseline and alternate composite materials, including some pertinent 

thermal and mechan i cal pro pert i es of the materi al s, (3) a descri pt i on of the 

motor that was util ized to test the four nozzles, (4) a description of how 

each nozzl e was instrumented with thermocoupl es to obtain temperature data 
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on each firing for application to thermal performance assessment and/or anal

yses, (5) deta 11 ed test reports and nozz 1 e assemb ly eva1 uat ions (Appendi ces 

A through 0, inclusive) compiled by the MTI/WD for each of the four nozzles 

that were tested, and (6) a summary and comparative analysis report which is 

also contained in Appendix D. 

A 11 four SRM subscal e nozzle assemb 1y tests were conducted success

fully; N-l on 18 November 1982, N-2 on 2 February 1983, N-3 on 6 April 1983, 

and N-4 on 17 Au gust 1983 • All tests we re pe rf ormed in accorda nce wi th a 

J PL-prepa red deta 11 ed test plan (R ef. 4). Eighteen a lternate carbon c 1 oth

phenolic tape-wrapped materials were tested as nozzle ablative liners, fif

teen of which contained fabric made with carbon yarn that was processed 

us i ng a PAN precu rso r, and three of wh i ch contai ned f ab ri c made wi th ca rbon 

yarn that was processed usi ng a pi tch precursor. Three of the PAN carbon 

cloth-phenolic 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 cloth-phenolic materials used carbon powder 

as the filler in the pheno"lic resin at various percentages by weight loading 

(5 to 18%), and had densities, in the as-cured state, that ranged from 1.50 

to 1.56 g/cm3• The three pi tch-based carbon cloth-phenol;c mater; als 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 densi ty 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.lg/cm3• All three of the insulation 

materi al s were processed into the nozzl e components by the tape-wrap tech

nique. Only one alternate material was tested as the structural overwrap 

component of the ex it con eli ner. It was a carbon fi ber-epoxy materi al , 

using PAN-based carbon fibers, that was applied to the nozzle by the filament

winding technique. It has an as-cured density of 1.55 g/cm3• 

From the resul ts of these tests, it has been concl uded that a full -scal e 

SRM no zzl e can be des i gn ed us i ng sel ected materi a1 s tested in thi s program. 

The al tern ate full -seal e SRM nozzl e des i gn, shown in Fi gure 33 of Append i x 

0, (1) would weigh less (approximately 1,430 lb per nozzle) than the currently 

qual i fi ed SRM nozzl e assembl y; (2) woul d incl ude PAN-based carbon cloth

phenolic material in the throat region to provide 13 to 22% decreased erosion 

(approxi matel y 0.125 s I sp gain) over that experi en ced wi th the basel in e 

Rayon -based carbon cloth-phenol; c mater; al; employ 1; ghtwe; ght PAN-based 

carbon cloth-phenolic material for the aft exit cone, fixed housing, and 

cowl; use 1 ight-weight gl ass phenol ic materi al for all insul ator components; 

have a PAN-based graphite-epoxy filament wound exit cone structural overwrap; 

and (3) would provide an estimated 360-lb increased payload capability for 

Space Shuttl e 1 aunches. Incl uded in the total payload gain (360 1 b) is 100 

1 b due to reduct i on in throat eros i on an d 260 1 b as soc; ated wi th reduced 

nozzl ewe; ght. 

Due to the risks associated with introduction and qual ification of new 

nozzle materials, with relatively limited test data and the STS-SA nozzle 

erosion anomaly, MSFC has decided not to incorporate the al ternate material s 

in a full-scal e nozzl e at this time. No additional al ternate materi al s tests 

are pl anned. 
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II. 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 effectively 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 NUMBE R 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 envi ronment of the test 

motor. This would provide the necessary data to permit a direct comparison 

of subscale with full-sca"le SRM nozzle Rayon-based carbon cloth-phenolic 

material performance. 

C. NOZZLE TEST NUMBER 2 

The obj ect ive of nozz le test number 2 (N-2) was to evaluate and compa re 

the performance characteristics of alternate ablative materials with respect 

to the baseline materials. 

o. NOZZLE TEST NUMBER 3 

The object i ve of nozzle test number 3 (N-3) was to eva 1 uate and compare 

the performance characteristics of additional alternate ablative materials 

with respect to the previously tested alternate materials and the baseline 

materi also 
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E. NOZZLE TEST NUMBER 4 

The objecti yes of nozzl e test number 4 (N-4) were (l) to eval uate 

a lightweight, PAN-based carbon cloth-phenolic aft exit cone with a graphite

epoxy fil ament wound structural overwrap, and (2) to veri fy repeatabl e per

formance of the final sel ected al ternate abl ati ve mater; al s with respect to 

the basel i ne mater; al sand prey; ousl y tested al tern ate mater; al s. 
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III. NOZZLE MATERIAL DESCRIPTION 

There are four composite materi~s that are baseline, qu~ified 

and currently util ized in the fabrication of Space Shuttle SRM noz~e assem

blies. Two Rayon-based carbon cloth-phenolic materials, designated as MX4926 

and FM5055, are used for the ablative liner portion of the noz~e assembly. 

Either of these two materials may be employed. Two glass cloth-phenolic 

material s, designated as MXB6020 and FM5755, are used for either the struc

tural exit cone overwrap or the throat back-face thermal insul ation portions 

of the noz~e assembly. Either of these two materi~s may be em~oyed. As 

is descri bed 1 ater, inSect ion I V , onl y the FM5055 and MXB6020 materi al s 

were tested in the basel inE~ test N-l 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 

thi s test program, a descri pt ion 0 f the materi al, wh i ch can· be used in 

lieu of the FM5055 material for fabrication of the current SRM nozzle 

assembly ablative liner components, is included in this section under the 

heading of BASELINE MATERIALS. 

There were a total of 22 alternate composite materials tested, at 

1 east once in the N-2, N-3, and N-4 nozzl e assembly tests. Eighteen of 

the materi al s were tested as abl at; ve 1 iner components and are designated 

as MX4961, MX4961A, MX4961B, MX4967, MX134LD, K411, K411A, FM5879, FM5879A, 

FM5879B, 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. One al ternate material 

was tested as a structural overwrap of the exit cone abl ati ve 1 iner in 

test N-4 and is designated as FX425B21. 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. BASELINE MATERIALS 

The following materials are qualified and utilized for ablative liner, 

throat back face insulation and structural overwrap of the exit cone liner 

in the current Space Shuttle 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 1i ner 

component is made from ei ther one or the other of the two materi a 1 s, 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 

Po lycarbon I nco rporat ed. The f abri cis woven wi th ca rbon ya rn made from 

carbonized continuous Rayon filaments. These filaments contain 95% carbon 

by 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. Polymeric material is a phenolic resin impregnated 

eight-harness satin weave fabric. 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 conti nuous Rayon 

filaments. The filaments contain 94% carbon by weight and have a 6 x 106 

psi tensile modulus. 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 li ner 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 fa.bric. 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 other filler, and the fabric is woven with Owens-Corning 

Fiberglass Corporation E-glass yarn. The yarn has a 10.5 x 106 psi tensile 

modulus. 
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B. ALTERNATE MATERIALS 

As previou~y stated, there were a tot~ of 22 different com

posite materials tested in the N-2, N-3, and N-4 nozzle assembly tests. 

The ut il i zat i on of the materi al sin each test nozzl e assembly is presen ted 

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 nozzl e assembl y tests; fi fteen PAN-based carbon cloth-phenol ic 

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 phenol ic resin impreg

nated eight-harness satin weave fabric. The phenol ic resin has no filler, and 

the fabri cis woven wi th Un ion Carbi de Corpo rat i on Tho rn el ® T -300 Grade WYP 

30-1/0 carbon yarn. The yarn contains 3000 filaments that are made by carbon

izing PAN continuous fil ament. The carbon fil aments contain 92% carbon by 

weight and have a 33 x 106 psi tensile modulus. 

b. MX4961A 

This Fiberite Corporation material is a phenol ic resin impreg

nated five-harness satin weave fabric. The phenol ic resin has no filler, and 

the fab ri cis woven wi th Courtaul ds Li mi ted E /XA-S carbon yarn. The ya rn 

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

sil e modul us. 
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c. MX4961B 

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 Car~de Corporation Thornel® T-300 Grade WYP 

15-1/0 carbon yarn. The yar'n contai ns 6000 fil aments that are made by car

bonizing PAN continuous filament. The carbon filaments contain 92% carbon 

by weight and have a 33 x 106 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 togethel~). 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 fabr'ic is woven with bundles of three Celanese Cor

poration Cel i on® carbon yarns. The yarn contai ns 6000 fil aments that are 

made by carbonizing PAN continuous filament. The carbon filaments contain 

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

e. MX134LD 

This Fiberite Corporation material ;s 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 Uni on Carbi de Corporat i on Thorne 1 ® T -300 grade WYP 30-1/0 carbon 

yarn. The yarn contains 3000 filaments that are made by carbonizing PAN 

conti nuous filament" The carbon filaments contai n 92% by wei ght carbon and 

have a 33 x 106 psi tensile modulus. 
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f. K411 

This Fiberite Corporation material is a phenol ic resin impreg

nated balanced eitht-harness satin weave fabric. The phenol ic resin contains 

5-16% by wei ght carbon powder fill er, and the carbon fabri cis a product of 

Stackpole Fibers Co., known an Panex m 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 Corporation material is a phenol ic resin impreg

nated balanced eight-harness satin weave fabric. The phenol ic resin contains 

10-18% by weight carbon 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 stapl e PAN fil aments prior to being 

carbon i zed. The carbon fil aments contai n 99% carbon by wei ght and have a 

38 x 106 psi tensile modulus. 

h. FM5879 

This U.S. Polymeric material is a phenol ic resin impregnated 

eight-harness satin weave fabric. The phenol ic resin contains 10-18% by 

weight carbon powder filler, and the fabric is woven with HITCO Hi-Tex carbon 

yarn. The yarn contains 3000 fil aments that are made by carboni zing PAN 

cont i n uous fil ament.. The carbon fil ament s con ta in 94% carbon by wei ght and 

have a 33 x 106 psi tensile modulus. 

i. FM5879A 

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

j. FM5879B 

This u.s. Polymeric material ;s 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 wei ght and have a 34 x 106 psi tens i 1 e modulus. 

k. FM5879C 

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

five-harness satin weave fabr~ic. The phenolic resin contains 10-18% by weight 

carbon powder fil1er~ and the fabric is woven with HITCO Hi-Tex carbon yarn. 

The yarn contains 6000 filaments that are made by carbonizing PAN continuous 

fil ament. The carbon fil aments contai n 94% carbon by wei ght 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 fill 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 is woven with three bundles of HITCO Hi-Tex carbon yarn. The 
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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 phenolic 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 HITeo 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 Panexm 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 106 tensile modulus. 

o. 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. 
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The ca rbon fil aments contain 99% ca rbon by wei ght and have a 38 x 106 ps i 

tensile modulus. 

p. 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 106 psi tensile modulus. 

q. K458 

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-16. 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 106 psi tensi"le modulus. 

r. FM5750A 

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

eight-harness satin weave fabric. The phenolic resin has 10-18% by weight car

bon powder filler. The VC0162 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 tens'ile modulus. 
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2. Insulation Materials 

Three different composite materials (one ceramic fiber mat-phenolic 

material, and two E-glass fiber mat-phenolic materials) were tested as a 

nozzle throat back-face insulator; one in the N-2 test, one in the N-3 test, 

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

a.. MXR520 

This Fiberite Corporation material is a phenolic resin impregna

ted ceramic fiber (aluminum oxide-silicon oxide) mat with a cured density of 

0.90 to 1.0 g/cm3 • The phenolic resin has no fillers. 

b. FM5898 

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

E-glass fiber mat with a cured density of 1.0 to 1.1 g/cm3• The phenolic resin 

has no fill e rs .. 

c.. MX4968 

T hi sF; ber; te Corpo rat i on mater; ali s a pheno"\i c res in i mpregna

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 

On ly one al t ernate structural materi a 1 wa s tested as the stru ct ural 

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. FX425B21 

Th is F i be ri te Corporat i on materi ali s an epoxy impregnated hi gh

modulus graphite Hercules Incorporated AS4-12,OOO filament yarn that is made 
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using a PAN continuous 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 106 psi tensile modulus. 
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IV. NOZZLE DESCRIPTION 

The SRM subscale nozzle assembly (Fig. 1) is a fixed~ partially sub

merged configuration that contains a steel shell, shell insulator, nose ring, 

thro~t ri ng, and exit cone section.. Overall 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 0 1, but are not i ndi cated fa r the throat back-face i nsu 1 ato r or the exi t 

. cone overwrap.. The ply orientation of these two components are parallel to 

the outer diametral surface of each component. The nominal throat diameter is 

9.500 inches and the nominal exit diameter is 25.420 inches. The steel shell 

contains eight~en holes in the flange for the purpose of fastening the nozzle 

to the test motor aft closure by high-strength steel bolts and nuts, and four 

holes for thermocouples as shown in Fig. 2. The steel shell also has an 

o-ri ng 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 

di ffe rence bei ng the materi a 1 s that we re employed in the cons tru ct i on of the 

composite components. Each of the four nozzles (N-l, N-2, N-3, and N-4) are 

described in the following text. 

A. NOZZLE TEST NUMBER 1 

The nozzle assemb ly that was used for test number 1 (N-l) is depicted 

in Fig .. 2 .. As previously stated in Section III-A, the composite materials, 

used in the manufacture of the seven components (parts), were FM5055 and 

MXB6020 baseline Rayon-based materials, as shown in Fig. 2 and described in 

Section III-A. The materials and method of manufacture used to fabricate the 
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N ... l nozzle components (parts) reflect those utilized in the fabrication of 

the full-scale SRM nozzle parts. 

B. NOZZLE TEST NUMBER 2 

The nozzle assembly thalt was employed for test number 2 (N ... 2) is shown 

in Fig. 3. The composite materials used in the manufacture of the seven com

ponents (parts) are as depicted in Fig. 3 and are described in Section III-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 

components (parts) are as shown in Fig. 4 and described in Section III ... B. Note 

that the aft exit cone liner has been constructed with two parts (materials) 

rather than one part (material), as was the case for the N-l and N-2 nozzle 

assemblies, as shown in Figs. 2 and 3. 

D. NOZZLE TEST NUMBER 4 

The nozzl e assemb 1y that was used for test number 4 (N-4) is shown in 

Fig. 5. The composite materials used in the manufacture of the twelve compo~ 

nents (parts) are as depicted in Fig .. 5, and described in Section III ... B .. Note 

that the -throat has been constructed as two separate parts (materi als) instead 

of one part (material) as depicted in Figs. 2, 3, and 4 for the N-l, N-2, and 

N ... 3 nozz 1e assemb 11 es.. A 1 so note that the forward exi t cone 1i ner has been 

made as two sepa rate pa rts (materi al s) instead of one pa rt (materi a 1) as was 

the situation for the N-l, N-2, and N-3 nozzle assemblies. In addition, the 

aft exi t cone 1i ner has been cons truct ed of fou r sepa rate pa rts (materi a 1 s ) 

instead of one part (material); as was employed in the N-l and N ... 2 nozzle 

assemblies as shown in Figs .. 2 and 3, and two separate parts (materials). as 

depicted in Fig .. 4, for the N ... ·3 nozzle assembly .. 
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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 nozzl e 

as semb 1 i es were instrumented in an i den tical manner wi th four thermo

coupl es; however, the N -3 and N-4 test nozzl e as semb"j i es were each ins tru

mented with an additional twel ve thermocoupl es to those employed in the 

N-l and N-2 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 thermocoupl es (shiel ded 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-8 and two 

at Section C-C .. 

B. NOZZLE TEST NUMBER 2 

Four probe-type thermocoupl es (sh i el ded and groun ded con s truct i on) , 

to the specifications shown in Table 1, were installed on the test N-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 shi el ded and grounded ones of the construction employed 

for tests N-1 and N-2, and twelve plain construction ones (twisted wire 

junction) that were hel d in pl ace by a composite pl ug, which was cemented 
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into a flat-bottom hole in the exit cone with an epoxy cement. These thermo

coupl es, to the spec; fications shown in Tabl e 2, were install ed on the nozzl e 

assembly at the locations depicted in Fig. 6. 

D. NOZZLE TEST NUMBER 4 

Sixteen probe-type shielded and grounded thermocouples, as speci

fied in Table 3, were installed on the test N-4 nozzle assembly: four of 

the construct ion employed for tests N-l and N-2, and twel ve wel ded wi re 

junction ones that were installed into aluminum blocks that were cemented, 

with epoxy adhesive, onto the exterior of the exit cone in positions as shown 

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

Each of the four nozzl e assembl i es was tested in the JPL 48-Inch 

Char Moto r at cond it ions cl osel y s i mul at ing (on a subscal e bas is) 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 nozzle pointed 

skyward t 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 1 b of propel 1 ant, and produce an average thrust of about 75,000 

lbf. The basic hardware components of the motor are reusable. Characteris

tics of the propell ant that was employed for each of the two loaded car

tridges, which were util ized as the grain of each motor, is provided 'in 

Table 4. Th;s propellant ;s almost identical to the formulation used in the 

full-scal e SRM .. 

The N-l, N-2, N-3, and N-4 test motors contained 10,133, 10,066, 9,987, 

and 10,276 pounds of propell ant, respectively. The total propell ant weight 

variation of the N-l, N-2, and N-3 motors was a function primarily of the 

allowable tolerance of the inside diameter and length of the cartridges. The 

N-4 motor contained more wei ght of propel 1 ant because both cartridges were 

reused, and therefore machined to a larger inside diameter before each car

tridge was loaded with propellant. 

Each motor was ignited with a bag-type igniter that contained sl ivers of 

the same propellant that was used for the grains of the subscale motors& The 

slivers of propellant were ignited by a hot wire. This type of igniter pro-
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vi des a slow rate of i gn i t i on of the moto r grain, and therefore about a 

two-second ignition d~ay time from the instant that current is sup~ied to 

the hot wire until the start of pressure rise in the motor. 

Each motor 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 moto r burnout, and f1 owed carbon d i ox i de gas into the moto r 

at an average flowrate of about 2.5 1 b/s for a duration of about 500 s. The 

quench system successfully E!xtinguished burning on the inside of the motor 

on each firing test. 

The motor pressure of each fi ring was taken and recorded wi th instru

mentation as specified in Table 1 for tests N-1 and N-2, Table 2 for test N-3, 

and Table 3 for test N-4. 

The pressure-t ime cu rves for each motor fi ri ng were not pred i cted befo re 

each firing; however, the pressure-time traces for a nominal motor with a 

nozzl e throat that erodes at constant radi al eros ion rates of 0.000, 0.006, 

0.012, and 0.018 in./s, throughout the motor burn time, were calculated. The 

results of these cal cu1 ations are plotted in the pressure-time traces as 

depi cted in. Fi g. 9. It was expected that the actual traces woul d 1 i e some

where between the pressure-time traces shown for the 0.006 and 0.012 in ./s 

cases of Fig. 9. The actual pressure-time histories for the N-l, 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-l, N-2, N-3, and N-4 nozzle tests 

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

Ill), Fig. 6 of Appendix C (page 151), and Fig. 6 of Appendix 0 (page 

197), respectively. 
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VIII. NOZZLE PERFORMANCE 

Subsequent to each test, each of the four nozzl e assembl i es were 

anal yzed to determine how well each performed. Detail s of the anal yses are 

presented in Appendix A for the N-l nozzl e, Appendix B for the N-2 nozzl e, 

Appendix C for the N-3 nozile, and Appendix D for the N-4 nozzle. In addi

t i on, Append i x D i ncl udes a summary an al ys is of the tests and a compari son 

of the al tern ate materi al nozzl es wi th the basel in e SRM subscal e nozzl e. The 

following text provides excerpts from Appendices A through D. 

A. NOZZLE TEST NUMBER 1 

Overall performance of the N-l nozzle was good. Erosion was generally 

smooth and uniform, with no gouging, pocketing, or washing being experienced. 

Erosion rates measured in the N-l nozzl e were generally 1 ess than 

those experienced in the SRM nozzl e.. Inl et and throat erosion rates were 

wi thi n the range measured on the SRM nozzl e wh il e nose eros i on was sign i fi -

can tl y 1 ess.. Forward exi t con e eros i on rates were somewhat greater than 

measured on the SRM nozzle while the aft exit cone erosion was much less. 

Post-test an al ys is of the data shows the nozzl e to be an adequate 

test vehicl e to obtain data to eval uate the rel at; ve mer; ts of various abl a

tive and insulative materials for use in the SRM nozzle. 

The bas~ine noz~e was in good condition and performed w~l through

out static firing. Although data measured in subscale tests cannot be used 

di rectl y to des i gn the full -scal e SRM n ozzl e, it does provi de a mean s of 

sel ecting the best candidate materi al s and provides data which can be used 

in anal ytical model s to design the full-scal e SRM nozzl e. 
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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 on the 

basis of the raw material cost per pound. Materials which 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 NU MBE R 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 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 exi t cone, which charred about the same as the basel i nee 

The K411 staple PAN performed very well and exhibited excellent structural 

integrity. 

The PAN materials presented no major fabrication problems, and all 

components were considered of high quality. In general, they exhibited lower 

erosion and greater char. The parallel wrapped materials exhibited consider

able i nterply swelli ng. 

The unfilled PAN exhibited considerably greater in-depth heating as 

compared to the baseline; fillers may reduce this effect. 

The K411 staple PAN material exhibited 13% less throat erosion than the 

baseline FM5055 material in the N-1 nozzle test, and had a fairly low char 

depth. This material also exhibited superior char structural integrity and 

no delaminations. 
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C.. NOZZLE TEST NUMBER 3 

Overall performance of the N-3 nozzle was good. Erosion was generally 

smooth and uni fo rm. The pi tch-based throat eroded 1 ess than the base 1 i ne Rayon 

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 and are not suitable for use in the SRM nozzle. The filled PAN exhi-

bited lower thermal conductivity than the unfilled PAN material. The low-

dens i ty PAN materi al pe rfo rmed ve ry well. 

D.. NOZZLE TEST NUMBER 4 

The overall performance of the N-4 nozzle was good. Erosion was smooth 

and uniform. No major anoma'lies 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 forward tip and several 

areas of swel'li ng of charred pli es around the outside di ameter. 

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

erosion was less than, and overall char was slightly higher than, the N-l 

nozz 1 e. 

The glass mat throat insulator was completely intact and unaffected. 

The forward exit cone sections showed lower overall erosion and higher 

overall char than the N-l nozzle. 
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Aft exit cone sections performed similarly to past tests. Erosion was 

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

1 i ft i ng of p 1 i es .. 

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

was totally intact and unaffected by the internal or external envi ronments .. 

Eo DATA SUMMARY AND ANALYSIS 

A comparison of the N ... l, N-2, N-3, an~ N .. 4 nozzle erosion is presented 

in Fig .. 30 of Appendix Oil The continuous fiber PAN-based carbon cloth-phenolic 

materials exhibited the best erosion resistance in the nose, inlet, and for ... 

ward exit coneo 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-based 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 anci N ... 4, 

respectively .. Erosion in the exit cones varied from no erosion up to 4.5 

mills, and was variable down the cone. It appears that the continuous fiber 

PAN-based carbon cloth ... phenolic and the low-density PAN-based carbon cloth

phenolic materials eroded approximately the same ;n the exit cone region. 

The material affected depths for the N-l, N-2, N-3, and N-4 nozzles 

are shown in Fig .. 32 of Appendix De The baseline material was the best 

performer in the nose, inlet, throat, and forward exit cone regions.. All 

materi a 1 s were eq ui va 1 ent in the aft cone.. The pi tch-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. CONCLUSIONS AND RECOMMENDATIONS 

The concl usions and recommendations that were made by MTI/WD, as a 

resul t of conducting the al ternate nozzl e material s program, are incl uded 

in Appendix D, on page 227. These conclusions and recommendations are 

provided in the following text. 

The PAN-based and pitch-based carbon cloth-phenolic materials presented 

no man ufacturi ng d; ffi cul t; es. The p; tch-based mater; al s charred much too 

deeply and would not be considered suitable for use in full-scale SRM nozzles. 

The PAN-based materials, which incorporated a filler in the phenol ic resin, 

demon strated lower thermal cond uct i vi ty than those wi th no fi 11 er in the 

phenol ic resin. The low-density PAN-based carbon cloth-phenol ic materi al s 

demonstrated good performance in the exit cone region. These materials appear 

to be well sui ted for use in the full -scal e SRM nozzl es. The mock Leno and 

pl a inweave low-den s; ty PAN··based carbon cloth-phenol; c materi al s perfo rmed 

equally ;n the tests. 

The spun PAN-based carbon cloth-phenol; c mater; al s exhi bi ted superior 

char integrity. The materials, using either Stackpole Fibers Co. or Poly

carbon In corpo rated carbon fi bers in the carbon cloth, perfo rmed equall y ; n 

the tests. 

The use of PAN-based carbon cloth-phenol i c mater; al s in the throat 

decreased erosion 13 to 22% with respect to the Rayon-hased carbon cloth .. 

phenolic baseline material in tests N-2 and N-4, respectively. It is recom

mended that a high-fired continuous PAN-based carbon cloth-phenolic materi~ 

be tested in future nozzles. The graphite yarn-epoxy fil ament wound exit 

cone overwrap performed well. 

29 



From the results of the subsc~e tests, it is concluded that a full

scale SRM nozzle can be designed using materials tested in this program .. 

The des i gn woul d wei gh 1 ess than the present SRM nozzl e assembl y. Fi gure 33 

of Appendix 0 shows the proposed full-scal e design and estimated payload 

gains. The design woul d incl ude PAN-based carbon cloth-phenol ic materi al in 

the throat reg i on to provi de better eros; on res i stance.. Al so, the as sembl y 

would employ lightweight PAN-based carbon cloth-phenolic material for the aft 

exit cone, fixed housing, and cowl. In addition, 1 ightweight g1 ass-phenol ic 

material woul d be used for all insul ator components, and graphite yarn-epoxy 

would be employed as a filament wound exit cone overwrap. Taking all factors 

into consideration, the util; zation of the design for full-scal e SRM nozzl e 

assemblies, in lieu of the current qualified SRt~ nozzle assemblies, would pro

vide an estimated 360-1 b increased payload capabil ity for Space Shuttl e 

1 aun ches .. 

Due to the risks associated with the introduction and qual ification of 

new nozzle materials with relatively limited test data, and the STS-8A nozzle 

erosion anomaly, NASA-MSFC has decided not to incorporate the alternate mate

ri~s in a f~l-sc~e nozzle at this time. No addition~ ~ternate materi~s 

tests are planned. 
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Table 1. Instrumentation Specifications for N-l and N-2 Motors 

Item Parameter Symbol Location Type Range Recordera 

1 Pressure, Motor #1 PC1 Aft Closure Taber Model #206 0-2000 psig D,A,S 

2 Pressure, Motor #2 PC2 Aft Closure Taber Model #206 0-2000 psig D,A,S 

3 Pressure, Motor #3 PC3 Aft Closure Taber Model #206 0-2000 psig D,A,S 
+=-m 4 Temperature, Nozzle #1 TNl Nozzle Chromel/Alumel 0-2500 of D,A,S 

5 Temperature, Nozzle #2 TN2 Nozzle Chromel/Alumel 0-2500 of D,A,S 

6 Temperature, Nozzle #3 TN3 Nozzle C h rome 1 / A 1 u me 1 0-2500 OF D,A,S 

7 Temperature, Nozzle #4 TN4 Nozzle Chromel/Alumel 0-2500 OF D,A,S 

a D = Digital recorder 
A = FM .analog tape 
S = Stri p chart 



Table 2. Instrumentation Specifications for N-3 Motor 

Item Parameter Symbol Locat ion Type Range Recordera 

1 Pressure, Motor #1 PC1 Aft Closure Taber Model #206 0-2000 psig D,A,S 
2 Pressure, Motor #2 PC2 Aft Closure Taber Model #206 0-2000 psig D,A,S 
3 Pressure, Motor #3 PC3 Aft Closure Taber Model #206 0-2000 psig D,A,S 
A Temperature, Nozzle #1 T1 1 f'\ Nozzl e at 10° W 5% RE/W 26% RE 0-4200 of D,A,S '"t 1.l-.lV 

5 Temperature, Nozzle #2 T2-10 Nozzl e at 10° W 5% RE/W 26% RE 0-4200 of D,A,S 
6 Temperature, Nozzle #3 T3-10 Nozzl e at 10° W 5% RE/W 26% RE 0-4200 of D,A,S 
7 Temperature, Nozzle #4 T4-10 Nozzl e at 10° W 5% RE/W 26% RE 0-4200 of D,A,S 
8 Temperature, Nozzle #5 T1-110 Nozzl e at llO° Chromel / Al umel 0-2500 of D,A,S 

~ 9 Temperature, Nozzle #6 T2-110 Nozzl e at 110° Chromel /Al umel 0-2500 of D,A,S 
"-.J 10 Temperature, Nozzle #7 T3-110 Nozzl e at 110° Chromel / Al umel 0-2500 of D,A,S 

11 Temperature, Nozzle #8 T4-110 Nozzl e at 110° Chromel /Al umel 0-2500 OF D,A,S 
12 Temperature, Nozzle #9 Tl-190 Nozzl e at 190° Chromel /Al umel 0-2500 OF D,A,S 
13 Temperature, Nozzle #10 T2-190 Nozzl e at 190° Chromel /Al umel 0-2500 OF D,A,S 
14 Temperature, Nozzle #11 T3-190 Nozzl e at 190° Chromel / Al umel 0-2500 OF D,A,S 
15 Temperature, Nozzle #12 T4-190 Nozzl e at 190° Chromel /Al umel 0-2500 OF D,A,S 
16 Temperature, Nozzle #13 Tl-290 Nozzl e at 290° Chromel / Al umel 0-2500 OF D,A,S 
17 Temperature, Nozzle #14 T2-290 Nozzl e at 290° Chromel /Al umel 0-2500 OF D,A,S 
18 Temperature, Nozzle #15 T3-290 Nozzl e at 290° Chromel / Al umel 0-2500 OF D,A,S 
19 Temperature, Noz~e #16 . T4-290 Nozzl e at 290° Chromel /Al umel 0-2500 OF D,A,S 

a D = Digital recorder 
A = FM analog tape 
S = Strip chart 



Table 3. Instrumentation Specifications for N-4 Motor 

Item Parameter Symbol location Type Range Recordera 

1 Pressure, Motor #1 PC1 Aft Closure Taber Model #206 0-2000 psig D,A,S 
2 Pressure, Motor #2 PC2 Aft Closure Taber Model #206 0-2000 psig D,A,S 
3 Pressure, Motor #3 PC3 Aft Closure Taber Model #206 0-2000 psig D,A,S 
4 Temperature, Nozzle #1 T1-10 No zzl e at 10° W 5% REfW 26% RE 0-4200 of D,A,S 
5 Temperature, Nozzle #2 T2-10 No zzl e at 10° W 5% REfW 26% RE 0-4200 of D,A,S 
6 Temperature, Nozzle #3 T3-10 Nozzl e at 10° W 5% REf~1 26% RE 0-4200 of D,A,S 
7 Temperature, Nozzl e #4 T4-10 No zzl e at 10° W 5% REfW 26% RE 0-4200 of D,A,S 
8 Temperature, Nozzle #5 Tl-ll0 No zzl e at 110° W 5% REfW 26% RE 0-4200 of D,A,S 

+=> 9 Temperature, Nozzle #6 T2-110 Nozzl e at 110° W 5% REfW 26% RE 0-4200 of D,A,S 
co 10 Temperature, Nozzle #7 T3-110 Nozzl e at 110° Chromel fAl umel 0-2500 of D,A,S 

11 Temperature, Nozzle #8 T4-110 No zzl e at 110° Chromel fAl umel 0-2500 of D,A,S 
12 Temperature, Nozzle #9 TI-190 Nozzl e at 190° Chromel fAl umel 0-2500 of D,A,S 
13 Temperature, Nozzl e #10 T2-190 Nozzl e at 190° Chromel fAl umel 0-2500 of D,A,S 
14 Temperature, Nozzl e #11 T3-190 Nozzl e at 190° Chromel fAl umel 0-2500 of D,A,S 
15 Temperature, Nozzle #12 T4-190 Nozzl e at 190° Chromel fAl umel 0-2500 of D,A,S 
16 Temperature, Nozzle #13 TI-290 Nozzl e at 290° Chromel fAl umel 0-2500 of D,A,S 
17 Temperature, Nozzle #14 T2-290 No zzl e at 290° Chromel fAl umel 0-2500 of D,A,S 
18 Temperature, Nozzle #15 T3-290 No zzl e at 290° Chromel fAl umel 0-2500 of D,A,S 
19 Temperature, Nozzle #16 T4-290 No zzl e at 290° Chrome1 fAl umel 0-2500 of D,A,S 

a D = Digital recorder 
A = Ft1 analog tape 
S = Strip chart 



Table 4. Propellant Characteristics 

Formulation* 

I ngredi ent Percent By Weight 

Ammonium Perchlorate 

A lumi num 

Iron Oxide 

Polybutadiene acrylic acid 
acrylonitrile binder 

Properties** 

Dens i ty, 1 bs Ii n.3 

Burn Rate Equation 

69.99 

16.00 

0.01 

14.00 

0.0641 

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 ab sol ute ( psi a ) 

n = 0.280 

* JPL Formulation No. PBAN - Mod. 8 
** Properties at 77°F 
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1.0 INTRODUCTION AND SUMMARY 

The N-l nozzle was tested 18 November 1982 and was the first of four in 
the subscale alternate materials evaluation series. The design simulates as 
near as possible the configuration and flow profiles of the full-scale SRM 
nozzle. 

The N-l 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 subsequE~nt IInew materi a 1 s II wi 11 be compared to that of 
the baseline materials. 

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

Erosion rates measured in the N-l nozzle 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 erosion was significantly 
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 to 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-l nozzle and a discussion of the test data, analysis, and material 
performance are presented in subsequent sections. 
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2.0 TEST OBJECTIVE - -

The test nbjPctive is to establish the erosion and char performance of 

the baseline SRM rozzle ablative and insulative materials in a subscale SRM 
nozzle for comparative purposes. 

A 
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3.0 DESIGN DESCRIPTION 

The nozzle is a fixed, part"ially submerged design consisting of a steel 
shell, shell insulator, nose ring, throat ring, and exit cone section. 

Overal"1 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-l nozzle also reflect those in the equivalent full-scale parts. The 

subscale nozzle is shown in Figure 1. 

Specimens were taken from each ablative and insulative component and 

tested for residual volatiles, resin content, specific gravity, and compres
sive strength. The results presented in Table I are the average results 
from three tests. All components used in this nozzle met the specification 
requirements of the SRM nozzle component specifications. 

Figure 2 presents the materials used in the N-l nozzle along with the 
location of the four thermocouple probes used. All of the ablative materials 
were carbon cloth phenolic (FM-5055) supplied by U.S. Poly~eric. The glass 
phenolic was Fiberite MXB6020. The throat, nose and shell insulator were 

hydroclave cured while the exit cone and throat insulation were autoclave 
cured. The ply angles shown are the same as for comparable SRM nozzle com
ponents. Two thermocouple probes were located in the exit cone at a nominal 

depth of 0.300 in. from the initial flow surface: two were located at a 

depth of 0.500 inch. 

Figure 3 presents the results of the 1-0 structural analyses of the N-l 

nozzle. All components show positive margins of safety using a 1.40 factor 
of safety. 

Figure 4 presents predicted erosion and material affected depth at 
selected locations. The maximum predicted backsidp. temperature is 140°F and 

occurs in thp aft exit cone region. 

The prefire throat diameter was 9.499 in. and finished nozzle weight 
was 536.5 lb~ Figures 5 and 6 present prefire photographs of the nozzle. 
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85294-1.1 
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TABLE I 

SUBSCALE SPACE SHUTTLE NOZZLE 
AVERAGE TAG END TEST RESULTS 

(N-1 NOZZLE) 

Residual Resin Compressive 
Volatiles Content Specific Strength 

(% ) (%) Gravity {ps i} 

Forward Exit Cone 
Carbon Phenolic 0.63 35.49 1.46 34,705 

Aft Exit Cone 
Carbon Phenolic 0.59 34.11 1.47 29,736 

Exit Cone Overwrap 
Glass Phenolic 2.33 28.58 1. 97 27,959 

Throat 
Carbon Phenolic 0.63 35.21 1.48 22,268 

Throat Insulation 
Glass Phenolic 2.03 28.98 1. 97 28,146 

Nose 
Carbon Phenolic 0.47 35.71 1.47 36,238 

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 18,000-55,000 
Glass Phenolic 0-3.25 24-38 1.7-2.15 16,630-60,000 
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3 CARBON PHENOLIC AXIAL 4,828 
4 CARBON PHENOLIC AXIAL -1,620 
5 CARBON PHENOLIC HOOP 2,763 

ALLOWABLE STRESS 
*MS = -1 WHERE FACTOR OF SAFETY = 1.4 

1.4 x STRESS 

**ALl ANALYSES WERE CONDUCTED AT 40 SEC INTO THE BURN 

Figure 3. N-1 Nozzle Structural Analysis 
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ALLOWABLE 
STRESS MS* 

-14,500 PSI 2.37 
-6,000 0.06 
18,000 1.66 
-8,500 2.14 
15,500 3.00 
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MATERIAL(1) MATERIAL LINER 
EROSION EROSION AFFECTED AFFECTED BACK FACE 

EXPANSION THICKNESS DEPTH RATE DEPTH RATE TEMPERATURE 
STATION RATIO (AlA*) (IN.) (IN.) (MilS/SEC) (IN.) (MIL/SEC) (OF) 

0'\ A -4.0 1.25 0.102 2.5 0.51 12.7 70 
0'\ 

B -2.84 1.75 0.420 10.5 0.75 18.8 70 

C -1.65 1.25 0.605 15.1 0.74 18.5 75 

D 1.0 1.75 0.553 13.8 0.83 20.8 70 

U't 1%0 E 1.28 1.7 0.331 8.3 0.64 16.0 79 
Pi ?8 n 

F 2.75 1.15 0.156 3.9 0.43 10.8 74 
-I 
:E: 

G 4.45 0.75 0.089 2.2 0.36 9.1 140 ::::0 
I 

W H 7.05 0.7 0.046 1.2 0.31 7.8 140 
00 
'-I 
0 

'U I (1) BASED UPON CHAR ZONE CRITERION = 0.27 OR Ps LB 
!; = 78 -3 WHERE Po = 91.3 

Pi FT Pc = 73.4 
MATERIAL AFFECTED DEPTH = EROSiON + CHAR DEPTH 

YO I Figure 4. N-1 Nozzle Predicted Erosion and Char Thickness and Backside Temperatures 
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MoRroN THIOKOL INC. 
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4.0 POST-TEST DATA SUMMARY AND PERFORMANCE EVALUATION 

4.1 NOZZLE POST-TEST CONDITION 

85294-2.3 

Overall condition of the N-l nozzle after testing was good. Erosion at 
the nose, through the throat and aft exit cone was quite smooth, uniform, 
and symmetrical. Typical separations and delaminations, due to heat soak, 
quench, and cooldown were noted in the carbon phenolic materials, 
particularly in the 00 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 637.8 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 recorded using measurements taken from the 
cross sectioned nozzle. Char thickness was obtained by direct measurement 
taken on the sectioned nozzle components. 

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

o 
Deg 
10.152 

30 
Deg 
10.149 

THROAT DIAMETER (in.) 
60 

De9. 
10.143 

90 120 
Deg Deg 
10.163 10.148 

150 
Deg 
10.142 

Average 
10.150 

The average throat erosion rate based on an average web time of 31.98 sec 
and the Morton Thiokol postfire diametrical measurements is 10.18 mil/sec. 

Erosion profiles taken every 90 deg from nozzle cross sections are 
shown in Figures 11 through 14. Also 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 line. Stations 0, 1, 
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TEST NO.1 

8 

~ ---0 ---- '"'""'1 

I \ I PROPELLANT JPL FORMULATION NO. PBAN-MOO.8 

I WEB TIME 31.98 SEC 

\ 
I 

AVERAGE PRESSURE 637.8 PSIA 

\ I 

\ 
\ 
\ 

10 12 14 16 18 20 22 24 26 28 30 32 34 36 
TIME (SEC) 

Figure 10. N-1 Chamber Pressure Versus Time 
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STATION AlA· 

1 4.08 
2 4.08 
3 4.08 
4 4.03 
5 4.00 
6 3.96 
7 3.75 
8 3.09 

STATION AlA· 

2 1.10 
3 1.29 
4 1.44 
5 1.67 
6 1.90 
7 2.14 

:J 

SHELL INSULATION 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) STATION AlA· 

0 0 0 9 2.42 
0 0 0 8 1.68 
0 0.27 0 7 1.52 

0.02 0.33 0.62 6 1.27 
0.07 0.33 2.18 5 1.10 
0.08 0.36 2.49 4 1.02 
0.18 0.55 5.61 3 1.01 
0.26 0.65 8.10 2 1.02 

1.08 

FORWARD EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) STATION AlA· 

0.19 0.43 5.92 10 2.63 
0.16 0.43 4.98 9 3.00 
0.17 0.41 5.30 8 3.47 
0.15 0.40 4.67 7 3.98 
0.11 0.38 3.43 6 4.33 
0.11 0.34 3.43 5 4.96 

4 5.44 
3 5.88 
2 6.33 

6.76 

Figure 11. N-1 Measured Erosion and Char Data (0 Ceg) 

NOSE AND THROAT 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) 

0.27 0.60 8.41 
0.27 0.55 8.41 
0.18 0.50 5.61 
0.31 0.51 9.66 
0.32 0.58 9.97 
0.34 0.60 10.59 
0.30 0.59 9.34 
0.27 0.56 8.41 
0.21 0.46 6.54 

AFT EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) 

0.06 0.32 1.87 
0.01 0.32 0.31 

0 0.29 0 
0 0.31 0 
0 0.25 0 
0 0.26 0 
0 0.23 0 
0 0.22 0 
0 0.25 0 
0 0.27 0 
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STATION AlA* 

1 4.08 
2 4.08 
3 4.08 
4 4.03 
5 4.00 
6 3.96 
7 3.75 
8 3.09 

STATION AlA* 

2 1.10 
3 1.29 
4 1.44 
5 1.67 
6 1.90 
7 2.14 

4 

SHELL INSULATION 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) STATION AlA* 

0 0 0 9 2.42 
0 0 0 8 1.68 
0 0.20 0 7 1.52 
0 0.30 0 6 1.27 

0.05 0.36 1.56 5 1.10 
0.10 0.39 3.12 4 1.02 
0.18 0.54 5.61 3 1.01 
0.25 0.65 7.79 2 1.02 

1 1.08 

FORWARD EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) STATION AlA* 

0.24 0.48 7.48 10 2.63 
0~23 0.46 7.16 9 3.00 
0.19 0.44 5.92 8 3.47 
0.15 0.41 4.67 7 3.98 
0.13 0.39 4.05 6 4.33 
0.11 0.34 3.43 5 4.96 

4 5.44 
3 5.88 
2 6.33 
1 6.76 

Figure 12. N-1 Nozzle Erosion and Char Data (90 Deg) 

NOSE AND THROAT 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) 

0.24 0.60 7.48 
0.21 0.50 6.54 
0.18 0.40 5.61 
0.21 0.41 6.54 
0.22 0.48 6.85 
0.30 0.57 9.34 
0.31 0.59 9.66 
0.31 0.59 9.66 
0.25 0.52 7.79 

AFT EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) 

0.11 0.31 3.43 
0.02 0.31 0.62 
0.04 0.32 1.25 
0.06 0.30 1.87 
0.06 0.25 1.87 
0.03 0.26 0.93 
0.05 0.29 1.55 

0 0.22 0 
0 0.24 0 
0 0.26 0 
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STATION AlA* 

1 4.08 
2 4.08 
3 4.08 
4 4.03 
5 4.00 
6 3.96 
7 3.75 
8 3.09 

STATION A/A* 

2 1.10 
3 1.29 
4 1.44 
5 1.67 
6 1.90 
7 2.14 

SHELL INSULATION NOSE AND THROAT 

ERODED MATERIAL AFFECTED EROSION RATE ERODED MATERIAL AFFEC;:TED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) STATION AlA* DEPTH (IN.) DEPTH (IN.) (MILS/SEC) 

0 0 0 9 2.42 0.27 0.62 8.41 
0 0 0 8 1.68 0.30 0.60 9.34 
0 0.22 0 7 1.52 0.35 0.57 10.91 
0 0.21 0 6 1.27 0.34 0.58 10.59 
0 0.23 0 5 1.10 0.36 0.59 11.22 

0.08 0.34 2.49 4 1.02 0.34 0.59 10.59 
0.12 0.47 3.73 3 1.01 0.33 0.60 10.28 
0.25 0.60 7.79 2 1.02 0.30 0.55 9.34 

1.08 0.24 0.47 7.48 

FORWARD EXIT CONE AFT EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MilS/SEC) STATION AlA* DEPTH (IN.) DEPTH (IN.) (MilS/SEC) 

0.18 0.41 5.61 10 2.63 0.04 0.30 1.25 
0.17 0.40 5.30 9 3.00 0 0.29 I) 

0.14 0.39 4.36 8 3.47 0.03 0.31 0.93 
0.11 0.38 3.43 7 3.98 0.01 0.30 0.31 
0.09 0.34 2.80 6 4.33 0 0.26 0 
0.04 0.29 1.25 5 4.96 0 0.25 0 

4 5.44 0 0.23 0 
3 5.88 0 0.23 0 
2 6.33 0 0.23 0 
1 6.76 (} 0.25 0 

Figure 13. N-1 Nozzle Erosion and Char Data (180 Deg) 
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STATION AlA* 

1 4.08 
2 4.08 
3 4.08 
4 4.03 
5 4.00 
6 3.96 
7 3.75 
8 3.09 

STATION AlA* 

2 1.10 
3 1.29 
4 1.44 
5 1.67 
6 1.90 
7 2.14 

SHELL INSULATION 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) STATION AlA* 

0 0 0 9 2.42 
0 0 0 8 1.68 
0 0.27 0 7 1.52 
0 0.30 0 6 1.27 

0.07 0.30 2.18 5 1.10 
0.08 0.35 2.49 4 1.02 
0.15 0.52 4.67 3 1.01 
0.22 0.60 6.85 2 1.02 

1.08 

FORWARD EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (iN.) (MILS/SEC) STATION A/A* 

0.25 0.45 7.79 10 2.63 
0.22 0.43 6.85 9 3.00 
0.18 0.42 5.61 8 3.47 
0.14 0.40 4.36 7 3.98 
0.12 0.39 3.74 6 4.33 
0.08 0.37 2.49 5 4.96 

4 5.44 
3 5.88 
2 6.33 
1 6.76 

Figure 14. N-1 Nozzle Erosion and Char Data (270 Deg) 

NOSE AND THROAT 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) 

0.25 0.58 7.79 
0.24 0.53 7.48 
0.27 0.50 8.41 
0.30 0.52 9.34 
0.32 0.57 9.97 
0.39 0.63 12.15 
0.34 0.61 10.59 
0.31 0.60 9.66 
0.25 0.49 7.79 

AFT EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE 
DEPTH (IN.) DEPTH (IN.) (MILS/SEC) 

0.08 0.39 2.49 
0.02 0.38 0.62 
0.03 0.25 0.93 
0.07 0.33 2.18 

0 0.28 0 
0 0.27 0 
0 0.23 0 
0 0.22 0 
0 0.25 0 
0 0.28 0 
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and 2 on the shell insulation were covered by the case insulation. Also 
some swelling and deliminations occurred in the r p 0ion of Stations 3, 4, and 
5. If the thick-ness of the eroded insulation was greater than the initial, 

a zero eroded depth was reported. 

Table II prespnts average eroded depths~ material affected depths, and 
erosion rates. These data should be used with comparablp data to be gener
ated on subsequent tests to evaluate the relative performance of candidate 

materials. 

The sectioned nozzle part surfaces are shown in Figures 15 through 22 

to illustratE' the eroded surfa.ces, char lines, separat'ions and 

delaminations. Figures 19 and 22 show onp of the 2.800 in. deep thermocouple 
holes. Depth measurements perpendicular to the eroded flrw surface down to 
the hole tip Averaged 0.202 inch. 

4.3 THERMOCOUPLE DATA 

Four thermocouples! TN-l through TN-4, were installed into the ablative 
liner in the forward section of the aft exit cone to monitor thermal re
sponse of the material as it is heated by the motor exhaust gas. Two 
thermocouples, TN-l and TN-4, were installed in drilled holps 2.800 in. in 

depth with the tips lying 0.30 in. below the initial surface. The other 
two, TN-2 and TN-3, were located in holes drilled 2.400 in. in depth with 
the tips 0.50 in. below the surface. Figure 23 presrnts measured temper
ature response as a function of time. 

Just prior to test, all thermocouples read 60°F. The initial tempera
ture rise for the shallower therm0couples, TN-l and TN-4, occurred at T + 

7.4 sec and continued to rise throughout the test. Temperatures of 1,OOO°F 
(TN-4) and 920°F (TN-I) were recorded at 37.00 sec. TN-2 ard TN-3, the 
deeper thermocoup 1 es, showed a gradua 1 temper'a ture ri se OVf'r motor burr. 

time. TN-3 recorded a temperature of 110°F at 37 sec and TN-? recorded a 
temperature of lOO°F. 

The peak temperatures of TN-l and TN-~ indicate these instruments were 
within the char depth of the material; char formation in phenolics is gener

ally defined as occurring within a temperature band of 800 0 to 1,OOO°F. 
TN-2 and TN-3 were experiencing heating but were still below the charred 
region of the material. 
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TABLE II 

N-l NOZZLE, AVERAGE EROSION AND CHAR DATA 

SHELL INSULATION 

Eroded Material Affected Erosion Rate 
Station A/A*- Depth (in.) DeEth (in.) (mil/sec) 

1 4.08 0 0 0 
2 4.08 0 0 0 
3 4.08 0 0.24 0 
4 4.03 0 0.28 0 
5 4.00 0.05 0.30 1. 56 
6 3.96 0.08 0.36 2.49 
7 3.75 0.16 0.52 4.98 
8 3.09 0.24 0.62 7.48 

NOSE AND THROAT 

Eroded Material Affected Erosion Rate 
Station A/A*- Depth (in.) DeEth (in.) (mil /sec) 

9 2.42 0.26 0.60 8.10 
8 1. 68 0.26 0.54 8.10 
7 1. 52 0.24 0.49 7.48 
6 1. 29 0.29 0.50 9.03 
5 1.10 0.30 0.56 9.34 
4 1. 02 0.34 0.60 10.59 
3 1. 01 0.32 0.60 9.97 
2 1. 02 0.30 0.58 9.34 
1 1. 08 0.24 0.48 7.48 

FORWARD EXIT CONE 

Eroded Material Affected Erosion Rate 
Station A/A*- Depth (in.) DeEth (in.) (mil/sec) 

2 1.10 0.22 0.44 6.85 
3 1. 29 0.20 0.43 6.23 
4 1.44 0.17 0.42 5.30 
5 1. 67 0.14 0.40 4.36 
6 1. 90 0.11 0.38 3.43 
7 2.14 0.09 0.33 2.80 

REVISION~ 
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Station A/A* 

10 2.63 
9 3.00 
8 3.47 
7 3.98 
6 4.33 
5 4.96 
4 5.44 
3 5.88 
2 6.33 
1 6.76 

A 
REVISION __ 

Eroded 

TABLE II (Cont) 

AFT EXIT CONE 

~la teri a 1 Affected 
pe~th (in.) _~th (i~ __ 

fL07 0.33 
0.01 0.32 
0.02 O.3? 
0.03 0.31 

0 0.26 
0 0.26 
0 0.23 
0 0.22 
0 0.24 
0 0.27 

85294-1.3 

Erosion RatA 
(mil / seeJ __ 

? .18 
0.31 
0.62 
0.93 

0 
0 
0 
0 
0 
0 
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5.0 DATA SUMMARY AND DATA ANALYSIS 

A comparison of the N-l nozzle and SRM nozzle erosion rates is present
ed in Table III. These data indicate how the N-I nozzle simulated the full
scale SRM environments. The N-l nozzle average web pressure of 637.8 psi 
was in close agreement with the average SRM pressure of 648.9 psi. As shown 
in Table III, significantly higher erosion rates are experienced at the rose 

tip of the SRM nozzle. Typical SRM rates range form 14 to 16 mil/sec as 

compared to 7.48 mil/sec for the N-l nozzle. This was expected since ~low 
velocities at the tip of the SRM razzle are ~ignificantly higher than those 
experienced in the N-l nozzle. Inlet and throat erosion rates me2~ured on 
the N-I rrzzle are in close agreement with comparable values for the SRM 
nozzle. 

Exit cone erosion rates measured in the N-l nozzle are higher in the 
forward cone and lower in the aft cone than those experienced in the SRM 

nozzle. 

Comparison of the char data between the SRM and N-l n07z1es is r.ot 
easily made due to the differences in motor burn time. Thp thermal analysis 
technique used in predicting the N-l performance. This ~ill be done after 
each test so that an accurate prediction technique for each matpriRl is ob
tained and can be used for redesign in predicting SRM nozzle performance. 

Table IV presents design thicknesses determined from the N-l nozzle tn 
meet SRM ablative materia.l safety factor, i.e., 2 x eros"ion plus l.t~5 char 
except at the aft exit cone where the requirement is 1.5 x erosion plus 1.00 
char. Also shown is the product of thickness and material density, 8 rela
tiv~ weight factor. The total thicknpss required and the product of density 
and thickness are parameters which will be used to evaluate the rplative 
performance of new materials to be tested in subsequent nozzles. 
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TABLE II I 

COMPARISON OF SRM AND N-l NOZZLE EROSION RATES 

Location 
Average Erosion Rate ( mil ,I _~f:~J 

A/A*' SRM N-l 

Nose Tip N/A 14.0 to 16.00 7.48 

Inlet 1.46 8.8 to 9.20 9.03 

Throat 1.00 8.8 to 10.50(1) 10.18(1) 

Exit Cone Fwd 1.20 2.45 to 3.00 6.39 

2.00 1.7 to 2.08 3.12 

Exit Cone Aft 2.80 2.0 to 2.20 1. 25 

5.LlO 1.5 to 1.64 0 

6.70 1.5 to 2.06 0 

(l)Rased on pre/post-test diametric~l measurements 
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f i TABLE IV R :r 
Q 

N-1 SUBSCALE DESIGN THICKNESS REQUIRED TO MEET SRM SAFETY FACTORS 
s. ~ g' ~ 

(IN. ) ~ 
Thickness Required 

,~ 

Area Eroded Char With Safet~ Factors 
_(lb/in. 3) Ratio Deeth Thickness Erosion Char Total T 

N/A 0.240 0.385 0.480 0.481 0.961 0.0534 0.0513 

1.46 0.270 0.330 0.540 0.412 0.952 0.0530 0.0508 

1.0 0.321 0.279 0.642 0.349 0.990 0.0530 0.0528 

1.2 0.205 0.234 0.410 0.293 0.703 0.0527 0.0370 

2.0 0.114 0.256 0.228 0.320 0.548 0.0520 0.0288 

2.8 0.040 0.285 0.080 0.356 0.440 0.0530 0.0230 

5.4 0 0.230 0 0.290 0.290 0.0530· 0.0150 

6.7 0 0.277 0 0.277 0.270 0.0530 0.0140 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The baseline nozzle was in good condition and performed well through
out static firing. Although data measured in subscale tests cannot be used 
directly to design the full-scale SRM nozzle, it does provide a means of 
selecting the best candidate materials and provides data which can be used 
in analytical models to de~ign the full-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 SRM design safety factors to calculate insulation thicknesses 
required for the full-scale design. This thickness multiplied by density 
will pro~ide a relative weight factor. Cost can then be evaluated on the 
basis of the raw material cost per pound. Materials which 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. 

It is recommended that evaluation proceed as planned for the N-2 and 
N-3 test nozzles so that final selection of the best performing materials 
can be made and incorporated into the N-4 nozzle design. 
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1.0 INTRODUCTION AND SUMMARY 

The N-2 nozzle was tested 2 February 1983 and was the second of four in 
the subscale alternate materials evaluation series. The design closely 
simulated the configuration and flow profiles of the full-scale SRM nozzle. 

The N-2 nozzle 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 glass materials, respectively. 

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 a large eroded pocket at the 270-deg location. Erosion was gen
erally less than the baseline (rayon) nozzl~, and char depths were greater 
except for the aft exit cone which charred about the same as the baseline. 
The K411 spun PAN performed very 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 presented in subsequent sec
tions. 
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2.0 TEST OBJECTIVE 

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 cons'isting of a 
steel shell, shell insulator, nose ring, throat ring, and exit cone 
section. Overall geometry and contour simulate those of the full-scale SRM 
nozzle. The N-2 nozzle is shown in Figure 1. 

Figure 2 presents the materials usrd in the N-2 nozzle. All of the 
ablative materials were PAN~based materials and the throat insulation was a 

ceramic mat phenolic. The throat, nosp, 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-million modulus, and was woven into an eight-harness fabric. A phenolic 
resin with 15 percent carbon filler was used in pre impregnated the material. 
Throat - Fiberite K411. The K411 uses a Panex SWB-8 spun PAN fiber from 
Stackpole Fibers Company. The spun fibers ar~ woven into a balanced 
eight-harness satin weave and thermally treated to provide a 99 percent 
carbon 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 PAN. 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. 
Throat 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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Specimens were taken from each ablative and insulative component and 

tested for residual volatiles, resin content, specific 9Y"avit,Y" end 

compressive strength. The results presented in Table I are the average 

results from three tests. 

Figure 2 also shows the thermocouple locations. Two thermocouple 
probes were located in the exit cone--one at a nominal depth of 0.300 in. 
from the initial flow surface and one at 0.200 inch. Two thermocouples 
were located at a depth of 0.500 inch. 

Figure 3 presents the results of the 1-D structural ~ralysps of the 

N-2 nozzle. All components show positive margins of 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 200°F 
(lnd occurs in th~ aft exit cone region. 

The prefire throat diameter was 9.504 in. and finished nOlzle weight 
was 533.5 lb. Figures 5 and 6 present prefire photographs Of the nozzle. 
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TABLE I 
SUBSCALE SPACE SHUTTLE NOZZLE 
AVERAGE TAG END TEST RESULTS 

(N-2 NOZZLE) 

Resin Specific Compressive 
RE~s i dua 1 Content Gravity Strength 
Volatiles (%) . (G/cc) --1P.~ 

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 1.61 30.11 1. 93 19,823 

Throat 
PAN Pheno'l i c 2.23 34.28 1.50 18,761 

Throat Insulation 
Ceramic Mat Phenolic 0.57 54.97 0.93 7,396 

Nose 
PAN Phenolic 1.98 32.41 1. 51 54,736 

Shell Insulator 
PAN Phenolic 1.65 27.81 1.53 57,022 
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ANALYSIS 
POINT** MATERIAL STRESS TYPE STRESS 

1 SPUN PAN WiTH PLY -1,156 
2 CONTINUOUS PAN WITH PLY 2,900 
3 CONTINUOUS PAN WITH PLY 1,627 
4 GLASS CLOTH WITH PLY -4,710 
5 CONTINUOUS PAN PLY 2,653 

*MS = ALLOWABLE STRESS _ 1 WHERE FACTOR OF SAFETY = 1.4 
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Figure 3. N-2 Nozzle Structural Analysis 
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EROSION(2) EROSION AFFECTED AFFECTED BACKFACE 

EXPANSION THICKNESS DEPTH RATE DEPTH RATE TEMPERATURE 
STATION RATIO (A/A*) ( -IN.) ( -IN.) (MILS/SEC) ( -IN.) (- MIL/SEC) ('" OF) 

1 -2.84 1.75 0.23 7.2 0.73 22.8 76 
2 1.00 1.75 0.29 9.1 0.85 26.6 70 
3* 1.14 1.62 0.19 5.9 0.73 22.8 70 
4 1.48 1.62 0.16 5.0 0.62 19.4 70 
5* 3.11 1.06 0.06 1.9 0.35 10.9 70 
6 1 7.05 0.70 0.13 4.1 0.22 6.9 200 

*INTERPOLATED 

(1)BASED UPON THE FOLLOWING EQUATION: Pee = Pc + Re ( Pe - PC> WHERE 
MATERIAL AFFECTED DEPTH 

Pee = DENSITY OF MATERIAL AT 
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Figure 4. N-2 Nozzle Predicted Erosion and Char Thickness and Backside Temperatures 
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4.0 POST-TEST DATA SUMMARY AND PERFORMANCE EVALUATION 

4.1 NOZZLE POST-TEST CONDITION 

85295-5.3 

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

The throat was quite smooth and uniform and showed very little or no 
swelling or ply separations. Measured erosion was less than on the N-l 
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 several 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 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 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 nozzle throat was 9.504 in.; 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 erosion and char profile is shown in Figure 14; 

Figure 15 presents the average measured eroded depths, material affected 

depths, and calculated erosion rates as a function of initial area ratio. 
The material affected depth is the perpendicular distance from the initial 

uneroded surface to 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-l through TN-4, were installed into the 

ablative liner in the forward section of the aft exit cone to monitor 

thermal response of the materials as they were hrated by the motor exhaust 

gas. TN-l and TN-4 were installed in drilled holes 0.20 and 0.30 in. below 
the initial surface. The other two, TN-2 and TN-3, were located 0.50 in. 

below the surface. Fi gure 16 presents measured temperature rr~sponse as a 

function of time. 

Just prior to testing, all thermocouples read 40 c F. The initial 

temperature rise for the shallower thermocouples, TN-l and TN-4, occurred 
at T + 4 and T + 6 sec and continued to rise throughout the test. 

Temperatures of 2,590°F (TN-I) and 2,270°F (TN-4) were recorded at 36 sec. 

TN-2 and TN-3~ the deeprr thermocouples, showed a gradual temperature rise 
over motor burn time. TN-3 recorded a temperature of 205°F at 36 sec, and 

TN-2 recorded a temperature of 260°F. 

The peak temperatures of TN-l and TN-4 indicate these instruments were 
within the char depth of the material; char formation in phenolic is 

generally defined as occurring within a temperature band of 800 0 to 
1,OOO°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 based 
materials throughout the nozzle. A 13 percent decre2se in throat erosion 
rate based on pre/post-test diametrical measurements was exhibited by the 
spun PAN N-2 throat over the N-l carbon cloth phenolic throat (8.88 vs 

10.18 mils/sec). 

A comparison of the N-l and N-2 nozzle erosion rates AS a function of 
initial area ratio, is presented in Figure 17. These data are based on an 
average of four cross-sectional erosion measurp~ents. Erosion data in 

the aft portion of the aft exit cone are somewhat questionable due to 
material swelling and some lncalized spallation. 

Figure 18 summarizes the material char data which show the PAN 
materials charring deeper than the rayon based materinls except for the aft 

exit cone liner which shows them to be equivalent. This equivalency is 

attributed to the parallel-to-centerline wrapped PAN material swelling 

thereby effecting more efficient thermal insulation. 

Figure 19 presents design thicknesses determined from the N-2 nozzle 
required to meet SRM ablative 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 1.00 char. Figure 20 shows the product of thickness and 
mRterial density; 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 new materials. 

A comparison of the thermocouple data from the baseline rayon material 
and the PAN materials tested in the N-2 nozzle shows the PAN material~ to 
be much hotter. At 0.3 in. from the surface the baseline temperature was 
900 to 1,OOO°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 0 to 260°F for the PAN 
material. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The PAN materials presented no major fabrication problems, ard all 
components were considered of high quality. In general, they exhibited 
lower erosion and greater char. The parallel wrapped materials exhibited 
considerable interply swelling. 

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

The K411 spun PAN material exhibited 13 percent less throat erosion than the 
baseline FM-5055 carbon cloth based on pre/post-test diametrical 
measurements. This material also exhibited superior char structural 
integrity and no delaminations. It is recommended that the K411 be 
evaluated in othe~ 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 evaluation series. The design 
closely simulated the configuration and flow profiles of the full-scale 
SRM nozzle. 

The N-3 nozzle is the second nozzle using alternate materials for 
evaluation. Pitch materials were used in the nose and throat, filled 
continuous polyacrylonitrile (PAN) ma.terials 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 smooth and uniform. The pitch throat eroded less than the baseline 
rayon- 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 d~nsity 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. 
The low density PAN prrformance was good and will be further evaluated in the 
next nozzle test. 

A description of the N-3 nozzle and test data ;s presented in the 
following sections. 

A REVISION __ 
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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 density glass and PAN 
materials under static test conditions for comparison to baseline mate
rials. 
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3.0 DESIGN DESCRIPTION 

The nozzle is a fixed, parti~lly submergRd design consisting of a steel 

shell, she"ll insulator, nose ring, throat ring, and exit cone section. 

Overall geometry and contour simulate thos~ of the full-scale SRM nozzle. 

The N-3 nozzle is shown in Figure 1. 

Figure 2 presents the materials used in the N-3 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 low 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 

y~_._~o 1 ymeri c FM5879A. Hercu 1 es AS4-3K cant i nuous PAN fi ber is used 
in an eight-harness weave. The fiber has a 34-million modulus and a 94 
percent carbon yield. A]5 percent filled phenolic resin is used. 

Nose 

U.S. PolymerJc FM5750A~ This is U.S. Polymeric's pitch material using 
Union Carbide's VC0162-4K fiber wovpn into an eight-harness fabric and then 

carbonized. This pitch fiber has 0 45-million modulus and R 99 percent 
carbon yield. The phenolic resin has 15 percent carbon powder filler. 

Throat 

Fiberite K458. This material used Union 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, wodulus and 99 percent carbon yield. 
The fiber is fully processed and then woven into a 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 a Hitco Hi-Tex-6K continu

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/ee. An open plain weave of Union Carbide's T-300 3K fiber 
is used. This material uses 10 to 13 percent carbon microballoon filler and 
38 to 44 percent butRdiene-ae~ylonitrile modified phenolic resin. 

Exit ~one Overwrap 

U.S. Polymeric FM5755. This is a hEavyweight E-glass, eight-harnpss 
satin phenolic with up to 6 percent silica powder filler. 

Throat Insulation 

u.s. Polymeric FM5898. This is an E-glass fiber mat with a cured 
composite density of 1.0 g/ce. It has a high phenolic resin content (66 

percent) and no filler. 

Specimens were taken from each ablative and insulative componpnt and 
tested for residual volatiles, resin content, specific gravity, and compres
sive strength. The results presented in Table I are the average results 
from three tests. 

Figures 3 and 4 show the thermocouple locations and required/measured 
hole depths. Sixteen thermocouple probes were located in the exit cone--4 
each at depths 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 
nozzle. All 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 cone region. 

The prefire throat diameter was 9.499 in. and finished nozzle weiqht 
was 531.3 lb. Figures 7 and 8 present prefire photographs of the nozzle. 
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JJ TABLE I ~ ~ m 

~ < a en 
(5 :r 
z N-3 NOZZLE AVERAGE TAG END TEST RESULTS g z 

I~ 
< 
~ ~: 0 

Residual Resin Compressive 6 r-
Vol atil es Content Specific Strength ~ (%) (%) Gravity (psi) 

Forward Exit Cone - PAN 1.86 24.46 1.54 11,772 

Center Exit Cone - PAN 1. 79 25.46 1.56 13,187 

Aft Exit Cone - Low Density PAN 3.17 40.78 1. 27 19,154 

Exit Cone Overwrap - Glass 1.88 29.60 1. 91 22,815 

Throat - Pitch 2.32 28.83 1.63 9,124 
+::a 
-.....J 

Throat Insulation - Lightweight 0.82 66.18 1.08 17,977 
Glass 

Nose - Pitch 1.47 25.68 1.66 9,611 

Shell Insulator - PAN 1.47 23.27 1.50 N/A TO m 00 
(') . (') 

-I 
Specification Limits: 

:E: 
:::0 PAN N/A N/A N/A N/A I-
I-' 
W 
~ Glass 0-3.25 24-38 1.7-2.15 16,630-60,000 I-' 
~ 

"1:)1 
Low Density PAN N./A N/A N/A N/A 

:> 
G') 
m. 

Lightweight Glass N/A N/A N/A N/A 

-.....J I Pitch N/A N/A N/A N/A 
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SECTION B-B 

DEPTH BELOW 
PLANE FLOW CONTOUR 

STATION (DEG) (IN.) 

1-4 10 0.2 
1-4 110 0.3 
1-4 190 0.4 
1-4 290 0.5 

Figure 3. N-3 Nozzle Thermocouple locations 
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STATION 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

REVISION _.-..A_ 

PLANE REQUIRED DEPTH MEASURED DEPTH 
(DEG) (IN.) (IN.) 

10 2900 + 0.000 
· - 0.030 

2.895 

1.020 1.011 

0.800 0.799 

0.800 0.794 

110 2800 + 0.000 
· - 0.030 

2.796 

0.920 I 0.918 

0.700 0.697 

0.700 0.697 

190 2600 + 0.000 
· - 0.030 

2.598 

0.820 I 0.817 

0.600 0.596 

0.600 0.598 

290 2400 + 0.000 
· - 0.030 

2.398 

0.720 0.719 

0.500 0.495 

0.500 0.498 

Figure 4. N-3 Nozzle Thermocouple Hole Depths 
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ANALYSIS ALLOWABLE 
POINTS** . MATERIAL STRESS TYPE STRESS STRESS MS* 

1 PITCH WITH PLY -860 -2,300 0.91 
2 CONTINUOUS PAN WITH PLY 2,900 9,700 1.38 
3 CONTINUOUS PAN WITH PLY -1,634 -8,600 2.75 
4 GLASS CLOTH WITH PLY -4,710 -13,000 0.97 
5 LOW DENSITY PAN WITH PLY 2,653 10,000 1.69 

*MS = ALLOWABLE STRESS _ 
1.4 X STRESS - 1 WHERE FACTOR OF SAFETY - 1.4 

**ALl ANALYSES WERE CONDUCTED AT 32 SECONDS INTO THE BURN AND MEOP = 830 PSIA 

Figure 5. N-3 Nozzle Structural Analysis 
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EROSION(2) 
EXPANSION THICKNESS DEPTH 

STATION RATIO (A1A*) (IN.) (IN.) 

1 -2.84 1.75 0.18 
2 1.00 1.75 0.23 
3 1.14 1.62 0.20 
4 1.48 1.62 0.02 
5 3.11 1.06 0 
6 7.05 0.70 0.19 

(1) al CHAR = 2.08 X N-1 NOZZLE (STATIONS 1 AND 2) 
b) CHAR = N-2 NOZZLE (STATIONS 3 THRU 6) 

(2) a) EROSION = 0.66 X N-1 NOZZLE (STATIONS 1 AND 2) 
b) EROSION = N-2 NOZZLE (STATIONS 3 THRU 5) 

5 /a::.nv>:)lv.'iI 

/ 

MATERIAL(1) MATERIAL LINER 
EROSION AFFECTED AFFECTED BACK FACE 

RATE DEPTH RATE TEMPERATURE 
(MilS/SEC) (IN.) (Mil/SEC) (OF) 

5.6 0.91 28.4 76 
7.2 0.65 20.3 70 
6.3 0.67 20.9 70 
0.6 0.49 15.3 70 

0 0.45 14.1 70 
5.9 0.45 14.1 200 

c) EROSION = PN-2 X N-2 NOZZLE WHERE P N-2 = DENSiTY OF MATERIAL IN N-2 NOZZLE (S.G = 1.52) 
PN-3 'p N-3 = DENSiTY OF MATERIAL IN N-3 NOZZLE (S.G = 

Figure 6. N-3 Nozzle Thermal Analyses 
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Figure 7. N-3 Nozzle 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 good 
integrity. There were no delaminations in the throat even though it 
charred completely through. The nose ring was unbonded from nozzle, had 
several delaminations, and 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 
anomalies. The low density PAN aft exit cone showed minor erosion and 
some lifting of 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 heating for plastic parts removal. The post-test conditions 
of the plastics are shown in Figures 9 through 16. 

Figure 17 shows the JPL test motor and Figure 18 presents the 
pressure-time trace for the 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 
locations 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 11. N-3 Nozzle Shell Insulator 
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Figure 15. N-3 Nozzle Exit Cone 

REVISION A 161 DOC 
NO. TWR-13919 

SEC 21 



MOKrON THIOKOl.INC. 
Wasatch Division 

A 162 DOC 
NO. TWR-13919 REVISION ---
SEC 

c: o 
::: 
tel 
'S o 
.E -tel 

2 
.I: 
t
O> 
N 
N o 
Z 
M 

I 

Z 

cO ,.. 
e 
:::s 
tn 
u:: 

22 



MOKrON THIOKOL.INC. 
Wasatch Division 

OVERPRESSURE 
BURST DIAPHRAGM 

REVISION A ----..:..--

NOZZLE ASSEMBLY 

INSULATED AFT CLOSURE 

LOADED AFT CARTRIDGE 

MOTOR CASE 

LOADED FWD CARTRIDGE 

IGNITER 

CARBON DIOXIDE 
QUENCH ASSEMBLY 

FWD CLOSURE 

INERT PROPELLANT 

FIRING BASE 

Figure 17. Test Motor Assembly 
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The average prefire nozzle throat diameter was 9.499 in.; the 
average postfire nozzle throat diameter was 10.045 inches. The average 
throat erosion rate based on an average web time of 31.56 sec and the 
postfire diametrical measurement is 8.65 m'il/sec. A typical erosion and 
char profile ;s shown in Figure 19; Figure 20 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 270 
deg). Material affected depth is the perpendicular distancp from the 
initial uneroded surface to the char line. Stations 0, 1, and 2 on the 
shell insulation \I/ere covered by the case insulation. 

4.3 THERMOCOUPLE DPITA 

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 in the 
prior two tests. These probes funrtioned satisfactorily except for T1-110 
(initially 0.3 in. below uneroded f10w surface) which recorded tem
peratures lower than those at 0.4 in. from the uneroded surface. Tl-110 
data are therefore considered to be invalid. The 0.2 in. deep thermo
couple measured approximately 1,70QoF at end of burn. This comparps to 
2,580°F measured in the last test in the same location in an unfilled PAN 
material. This substantiates that the 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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SHEll INSULATION NOSE AND THROAT 
ERODED MATERIAL AFFECTED EROSION RATE ERODED MATERIAL AFFECTED EROSION RATE 

STATION A/A* DEPTH (IN.) DEPTH {IN'l {Mll/SEC~ STATION AlA* DEPTH (IN.) DEPTH (IN.) (MIl/SEC) 
1 4.08 0.00 0.00 0.00 9 2.42 0.23 1.70 7.29 

Q) 2 4.08 0.00 0.00 0.00 8 1.68 0.27 1.46 8.56 
-....J 3 4.08 0.00 0.22 0.00 7 1.52 0.33 1.38 10.46 

4 4.03 0.00 0.26 0.00 6 1.27 0.34 1.61 10.77 
5 4.00 0.02 0.28 0.63 5 1.10 0.36 1.74 11.41 
6 3.96 0.05 0.33 1.58 4 1.02 0.35 1.76 11.09 
7 3.75 0.15 0.67 4.75 3 1.01 0.29 1.64 9.19 
8 3.09 0.16 1.18 4.80 2 1.02 0.24 1.39 7.60 

CSt I za FORWARD EXIT CONE CENTER AND AFT EXIT CONE 
I'iI ~8 ERODED MATERIAL AFFECTED EROSION RATE ERODED MATERIAL AFFECTED EROSION RATE n 

STATION A/A* DEPTH (IN.) DEPTH (IN.) (MIl/SEC) STATION AlA* DEPTH (IN.) DEPTH (IN.) (MIl/SEC) 
2 T.W 0.16 0.64 5.16 10 2.63 0.00 0.30 0.00 

--i 3 1.29 0.12 0.68 3.74 9 3.00 0.00 0.27 0.00 :=:: 
;0 4 1.44 0.06 0.64 1.90 8 3.47 0.00 0.26 0.00 
I 

5 1.67 0.01 0.58 0.32 7 3.98 0.03 0.28 0.95 
w 6 1.90 0.01 0.56 0.32 6 4.33 0.00 0.24 0.00 

"" 7 2.14 0.00 0.56 0.00 5 4.96 0.03 0.25 0.95 

"" 4 5.44 0.00 0.16 0.00 
3 5.88 0.00 0.22 0.00 
2 6.33 0.10 0.26 3.10 
1 6.76 0.03 0.29 0.95 

N I Figure 20. N-3 Nozzle Average Erosion and Char Data -....J 
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5.0 DATA SUMMARY AND ANALYSIS 

A comparison of the N-l, N-2, and N-3 nozzle erosion 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 insulator, forward, and center exit cones, eroded similar 

to the unfilled PAN on N-2, and less than the baseline materials in N-l. 
The low density PAN, located in the aft exit cone, eroded about the same 

as the baseline material; however, the data are somewhat questionable 
due to the material swelling and some localized spallation. 

Figure 22 indicates thftt the pitch material eroded slightly more 

than the PAN and baseline materials in the nose and throat regions. 
However, diametrical measurements show that the pitch material eroded 

less in the throat area (8.65 mil/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 measurpments was exhibited 

by pitch material over the N-l carbon cloth phenolic. 

Figure 23 summarizes the material char data which shows the pitch 
materials charring deeper than the rnyon and PAN based materials. Char 

depths in spun PAN and fillrd/unfil1ed PAN materials are approximately 
50 percent greater than baseline rayon material. The filled PAN charred 

about the same as the previously tested PAN and the low density PAN 

performed the same as both the baseline material and standard density 
PAN in the aft exit cone. 

Figure 24 presents design thicknesses determined from the N-l, N-2, 
and N-3 tests required to meet SRM ablative 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 denSity, 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 new 
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 lower 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 in the N-4 nozzle test. 
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1.0 INTRODUCTION AND SUMMARY 

Thf:' N-4 nozzl e W(l,$ tested on 17 August 1983 and \Alas the fourth sub~~ca 1 e 

alternate nozzle materials evaluation test. Th~ design closely simulates 

the configuration and flow profile of the full-scale SRM nozzle. 

The N-4 nozzle is the third nozzle using alternate mAterials for evalu
ation. Spun PAN materials were used in the shrll insulator, nose, throat, 

and forward exit cone, and low density PAN materials were used in the aft 

exit cone. The throat insulation was glass mat phenolic. The exit cone 
overwrap was filament wound graphite epo~y. 

Overall performancp of the N-4 nozzle was good. Erosion was smooth and 
uniform. 

Alternate mate0ials can be used in the full-scale SRM n02z1e, providing 
an additional 360 lb of payload capacity. 

Due to risks associated with the introduction and qualification of new 

nozzle materials and the STS-8A ~ozzle erosion anomaly~ ~~ was decided not 
to incorporate the alt~rnate materials in a full-scale nozzle at this time 
and no additional alternate materials tests are planned. 
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2.0 TEST OBJECTIVES 

The objectives of this test were to: 

B 

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. 
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3.0 DESIGN DESCR1PT10N 

The nozzle is a fixed, partially submerged design consisting of a 

shell, shell insulator, nose ring, throat ring, and exit cone section. 

Overall geometry and contour simulatp those of the full-scale SRM nozzle. 

The N-4 nozzle is shown in Figure 1. 

Figure 2 shows the materials used -in the N-4 nozzle. The sh~rl 

insulation, nose, throat, and forward exit cone used spun PAN materials, the 
aft exit con~ used low density PAN materials, the throat insulation used 
glass mat phenolic, and the exit con0 overwrap used a graphite epoxy. The 

shell insulator nose and throat ring were hydroclnve cured while the throat 
insulation, forward exit cone, aft exit cone, and exit cone overwrap were 
autoclave cured. The material specifics are: 

Shell Insulator and Nose 

Fibf!rit~ K411. This material is a phenolic res'in impregnRted balanced 

eight-harness satin weave fabric. ThP:' phpnolic resin contains 5 to 15 

percent by weight carbon powder filler, and the carbon fRbric is a product 
of Stackpole Fibers e6., known RS Panex® SW8-8. The fabric is woven from 
Panex 30Y/800d carbon yarn, which is made by spinning PAN filaments prior to 

being carbonized. The carbon filaments cont~in 99 percent carbon, hy 

weight, and havR a 38 x 106 psi tensile modulus. 

Throat 

Fiberite K411A. This material is a phen01ic resin impregnated 
balanced eight-harness satin weave fabric. The phenolic resin contains 10 

to 18 percent by weight carbon powder filler, ~nd the carbon fabric is a 
product of Polycarbon Incorporated, designated as PCSA. The fabric is 

woven from carbon yarn, which is made by spinning PAN filaments prior to 
being carbonized. The carbon filaments contain 99 percent carbon, by 

weight, and have a 38 x 106 psi tensile modulus. 

~? Polymeric FM 583~.. This material is a phenolic resin impregnatpd 
balanced eight-harness satin weave fabric. The phenolic resin contains 13 

to 18 percent by weight carbon powder fillrr, and the carbon fabrir is a 

product of Stackpole Fibers Co., known as Panex® SWB-S. The fabric is woven 
from Pan~x 30Y/BOOd carbon yarn, which is made by spinning PAN filaments 
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prior to being carbonized. The carbon filaments contain 99 percent carbon, 

by weight, and have a 38 x 106 tensile modulus. 

Throat Insulation 

Fiberite MX 4968. This material is a phenolic resin impregnated 

h d co' oF 1 () t 'J 1 / 3 Th ~ 1 . E-Glass fiber mat wit a furpd en:>lty o.~.v .0. 9 em. e p,leno lC 

resin contains no fillers. 

Forward Exit Cone 

U.S~..9_1ymer·ic __ FM 58~4A. Th'is matet'ial is a phf~nclic resin impre9na'I,;p(: 

bal~nced eight-harness satin weave fabric. The phenolic resin contains 13 

to 18 percent by weight, carbor powder fillrr, and the carbon fabric is a 

product of Polycarbon Incorporat0ri, designated ~s PCSA. The fabric is woven 

from carbon yarn, which is made by spinning PAN filaments prior to carboniz

ing. The carbon filaments contain 99 percent carbon, by weight~ and have a 
c:. 

38 x 10~ psi tensile modulus. 

Fiberite K4ll. (Same as She'll Insulator 2.nrl Nose) 

Cone 

Fiberi MX 134LD. This materi~l is a phenolic resin impregnated open -----------,--
plain weave fabric. The cured material has a low density of 1.0 tn 1.30 

g/cm3. The 37 to 44 percent, by weight, hutadiene-acrylonitrile modified 

phenolic resin contains 10 to 13 percent~ by weight, carbon microbflloon 

filler, and the fabric is woven with Union Carbide Corporation Thornel® 

T-300 grade WYP 3D-I/O carbon yarn. The yarn contains 3,000 filaments madp 

by ca rbon; zi ng PAN 'cont i nuous fil ament. The ca rran fil aments cor.t.a i n 9? 

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

u.s. Polym~ric Fr4 5998. This materia"l is a phenolic rpsin impregnated 

mock lena 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 10 percent by weiqht carbon 

microballoon filler, and the fabric is wcv~n with three bundles of Hitco 
Hitex® carbon yarn. The yarn contains 6,000 filaments made by carbonizing 

PAN continuous filaments. The carbon filaments certain 94 percent carbon, 
by weight, and have a 33 x 106 psi tensile rr,ociulus. 
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Fiberite MX 4967. 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 filler 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 low density of 1.0 to 1.3 

g/cm3. The 38 to 44 percent, by weight, butadiene-acrylonitrile 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 106 

psi tensile modulus. 

Exit Cone Overwrap 

Fiberite FX 425821. This material is an epoxy imnpregnated high 
modulus graphite Hercules 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 
graphitized filaments contain 94 percent carbon, by weight, and have a 34 x 
106 psi tensile modulus. 

Specimens were taken from each ablative and insulative component and 
tested for residual volatiles, resin content, specific gravity, and 
compressive strength. The results presented in Table I are the average 
results from three tests. 

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

SUBSCALE SPACE SHUTTLE NOZZLE 
. AVERAGE TAG END TEST R~SULTS 

(N-4 NOZZLE) 

Residual 
Volatiles 
-(%)--

Shell Insulator 1.8] 
Nose 2.04 
Throat 

Forward 1.64 
Aft 2.50 

Throat Insulation 0.39 
Forward Exit Cone 

Forward 1.83 
Aft 2.24 

Aft Exit Cone 
Forward 2.99 
Forward Middle 2.59 
Aft Middle 1.23 
Aft 1.07 

*Based on a K-Factor of 1.66 

Exit Cone Overwrap 

Fibl?f 
Vo1.ume(%) 

59 

Resin 
Contp.nt 

(%) 

35.51 
33.55 

34.15 
32.79 
61.82 

37.61 
32.70 

36.45 
46.38* 
42.73* 
41.18 

Resin 
Height(%) 

32.3 

Specific 
~ra.~i ty 

1. 53 
1. 52 

1. 53 
1. 52 
).06 

1. 51 
1.53 

1.30 
1. ?l 
1.23 
1.32 

Void 
Volume(%) 

0.75 

85297~3.4 

Compressi\fe 
Strength 

( . ) ,PSl 

18,931 
~!O,561 

21,795 
21,105 
10,4·65 

2~!,474 
17,387 

28,779 
)7,120 
14,435 
41,857 

Short BP.(lm 
Shear 

8,947 psi (polar) 
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Figure 3. Test N-4 Nozzle Ins,trlJlmE=.!ntaiilon. 
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STATION PLANE (DEG) REQUIRED DEPTH MEASURED DEPTH 

1 10 2.900 ± 0.010 2.900 
2 10 0.200 ± 0.010 0.195 
3 10 0.200 ± 0.010 0.195 
4 10 0.200 ± 0.010 0.195 

1 110 2.800 ± 0.010 2.800 
2 110 0.300± 0.010 0.290 
3 110 0.300 ± 0.010 0.297 
4 110 0.300 ± 0.010 0.302 
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4 190 0.400 ± 0.010 0.399 
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3 290 0.500 ± 0.010 0.503 
4 290 0.500 ± 0.010 0.499 

Figure 4. Subscale Space Shuttle Nozzle Thermocouple Hole Depths (N-4 Nozzle) 
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Figure 5 presents the results of the 1-0 structural analyses of the N-4 

nozzle. All 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 cone region. 

The prefire throat diameter was 9.503 in. and finished nozzle weight 

was 517.3 "lb. Figures 7 and 8 present prefire photographs of the nozzle. 
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1.0 ALLOWABLE 
0) 

ANAL YSIS POINT** MATERIAL STRESS TYPE STRESS STRESS MS* 

1 SPUN PAN I WITH PLY -1,899 -14,500 4.45 
2 SPUN PAN· WITH PLY -1,407 -9,500 3.82 
3 LIGHTWEIGHT PAN WITH PLY -2,143 -13,000 3.33 
4 LIGHTWEIGHT PAN WITH PLY -2,074 -10,000 2.44 
5 LIGHTWEIGHT PAN WITH PLY -1,713 -16,500 5.88 

va %0 
1'1 ~8 n 

-I 

* - ALLOWABLE STRESS -1 WHERE FACTOR OF SAFETY = 1.4 
MS - 1.4 X STRESS 

:E: 
::::0 
I **ALL ANALYSES WERE CONDUCTED AT 32 SECONDS INTO THE BURN AND MEOP = 830 PSIA 
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1'1 Figure 5. Subscale Space Shuttle Nozzle Structural Analysis (N-4 Nozzle) 
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SUBSCAlE SPACE SHUTTLE NOZZLE EROSION AND CHAR ANALYSIS (N-4 NOZZLE) 

EROSION 
EXPANSION THICKNESS DEPTH 

STATION RATIO (A/A*) (IN.) (IN.) 

1 -2.84 1.75 0.20 
2 1.00 1.75 0.27 
3 ~.14 1.62 0.18 
4 1.48 1.62 0.05 
5, 3.11 1.06 0 
6 7.05 0.70 0.03 

(1) CHAR AND EROSION BASED ON: 

(a) N-2 NOZZLE (STATIONS 1 AND 2) 
(b) N-2 AND N-3 NOZZLES (STATIONS 3 AND 4) 
(e) N-3 NOZZLE (STATIONS 5 AND 6) 

EROSION 
RATE 

(MilS/SEC) 

6.5 
8.7 
5.9 
1.5 

0 
1.0 

Figure 6. Thermal Analysis 

MATERIAL (1) MATERIAL 
AFFECTED AFFECTED 

DEPTH RATE 
(IN.) (Mil/SEC) 

0.51 16.5 
0.53 17.1 
0.54 17.4 
0.59 19.0 
0.27 8.7 
0.25 8.1 

LINER 
BACK FACE 

TEMPERATURE 
(OF) 

76 
70 
70 
70 
70 
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Figure 7. N-4 Nozzle Pretest 
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MORTON THIOKOl,lNC. 
Wasatch Division 

4.0 POST-TEST DATA SUMMARY AND PERFORMANCE EVALUATION 

4.1 NOZZLE POST-TEST CONDITION 

85297-3.1 

The nozzle was in good post-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 delamination 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 completely 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. Erosion 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 shown in Figures 9 through 21. 

Figure 22 shows the JPL test 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 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 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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Figure 9. N-4 Nozzle Post-Test 
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Figure 12. 1'1-4 Nozzle Throat Post-Test 
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Figure 17. N-4 Nozzle Shell Insulation Post-Test 
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OVERPRESSURE 
BURST DIAPHRAGM 

REVISION B ---

NOZZLE ASSEMBLY 

INSULATED AFT,CLOSURE 

LOADED AFT CARTRIDGE 

MOTOR CASE 

LOADED FWD CARTRIDGE 

IGNITER 

CARBON DIOXIDE 
QUENCH ASSEMBLY 

FWD CLOSURE 

INERT PROPELLANT 

FIRING BASE 

Figure 22. Test Motor Assembly 
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MORTON THIOKOl.lNC. 
. Wasatch Division 

The average prefire nozzle throat diameter was 9.503 in.; the average 
postfire nozzle throat diameter was 10.020 inches. The average throat 
erosion rate was based on an average web time of 32.42 and the 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 in"itial area ratio. These data are based on average measurements taken 
from four nozzle cross sections (0, 90, 180, and 270 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 

Sixteen 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 wi th a tantalum sheath, beryll i a i nsul at ion 
and welded tips. The ten Chromel/Alumel thermocouples were grounded with an 
Inconel sheath, magnesia insulation and welded tips. These thermocouples 
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 higher than N-l. Figures 26 through 29 present the thermo
couple data: 
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K411, SPUN PAN,p = 1.53 
EROSION RATE = 6.74 MIL/SEC 
MTl AFFECT OPT = 0.646 IN. 

E = 3 

K411A, SPUN PAN,p = 1.53 
EROSION RATE = 8.75 MIL/SEC 
MTl AFFECT OPT = 0.589 IN. r 
E = 1.27 

,-- E = 1.00 
I FM5834, SPUN PAN, p = 1.52 

EROSION RATE = 8.95 Mil/SEC 
MTL AFFECT OPT = 0.752 IN. 

K41', SPUN PAN,p = 1.53 
EROSION RATE = 7.54 MIL/SEC 
MTL AFFECT OPT = 0.706 IN. 

MX4968, LD MAT "E" GLASS 
p = 1.06 

STEEl 

FM5834A, SPUN PAN,p = 1.51 
EROSION RATE = 4.44 MIl/SEC 
MTL AFFECT OPT = 0.554 IN. 

E = 1.90 
K41', SPUNPAN,p = 1.53 
EROSION RATE = 0.51 MIL/SEC 
MTL AFFECT DPT 0.630 IN. 

E = 3.98 
FM5908, MOCK LENO WEAVE,p 1.21 
EROSION RATE = 3.1 MIL/SEC 
MTL AFFECT DPT = 0.330 

FX425821, GRAPHITE EPOXY 
p = 1.55 
FILAMENT WOUND POLARS AND HOOPS 

N-4 SHUTTLE TEST NOZZLE 

24. N-4 Nozzie Erosion and Char Profile 

E = 5.44 
MX4957. MOCK LENO WEAVE. p = 1.23 
EROSION RATE = 1.92 MIL/SEC 
MTl AFFECT DPT = 0.298 IN. 

E = 5.33 
FM5908A. PLAIN WEAVE. p = i .32 
EROSION RATE = 0.55 MIL/SEC 
MTl AFFECT DPT = 0.273 IN. 

E = 7.iS 
FMS908A, PLAIN WEAVE,P = 1.32 
EROSION RATE = NONE 
MTL AFFECT OPT = 0.272 IN. 
FMS908A, PLAIN WEAVE, P = 1.32 
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SHELL INSULATION NOSE AND THROAT 

ERODED MATERIAL AFFECTED EROSION RATE ERODED MATERIAL AFFECTED EROSION RATE 
STATION A/A* DEPTH (IN.) DEPTH (IN.) (MIL/SEC) STATION A/A* DEPTH (IN.) DEPTH (IN.) (MIL/SEC) 

4.08 0.00 0.00 0.0 9 2.42 0.22 0.65 6.8 

2 4.08 0.00 0.00 0.0 8 1.68 0.20 0.71 9.1 

3 4.08 0.00 0.32 0.0 7 1.52 0.28 0.57 8.7 

4 4.03 0.00 0.32 0.0 6 1.27 0.28 0.59 8.7 
N 
--' 5 4.00 0.00 0.29 0.0 5 1.10 0.28 0.70 8.7 
0:> 

6 3.96 0.07 0.41 2.2 4 1.02 0.22 0.75 9.9 

7 3.75 0.24 0.71 7.4 3 1.01 0.26 0.75 8.0 

8 3.09 0.24 0.95 7.4 2 1.02 0.24 0.72 7.4 

FORWARD EXIT CONE CENTER AND AFT EXIT CONE 

ERODED MATERIAL AFFECTED EROSION RATE ERODED MATERIAL AFFECTED EROSION RATE 
STATION A/A* DEPTH (IN.) DEPTH UN.) (MIL/SEC) STATION A/A* DEPTH (IN.) DEPTH (IN.) (MIL/SEC) 

rJllZO m 00 
() . () 2 1.10 0.22 0.61 6.8 10 2.63 0.05 0.32 1.5 

3 1.29 0.15 0.56 4.6 9 3.00 0.05 0.29 1.5 

~ 
4 1.44 0.09 0.56 2.3 8 3.47 0.08 0.31 2.5 

;:;0 5 1.67 0.02 0.58 0.6 7 3.98 0.10 0.33 3.1 

I 6 1.90 0.02 0.63 0.6 6 4.33 0.11 0.33 3.4 

W 7 2.14 0.00 0.53 0.0 5 4.96 0.08 0.30 2.5 
+==-

" 4 5.44 0.06 0.30 1.9 <.n 
3 

" 
5.88 0.07 0.27 2.2 

» 

" 2 6.33 0.02 0.27 0.6 
m 

6.76 0.00 0.27 0.0 

w Figure 25. N-4 Nozzle Average Erosion and Char Data 
~ 85297-7C 
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Figure 27. N-4 Nozzle T2 Thermocouple Data 
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Figure 28. N-4 Nozzle T3 Thermocouple Data 
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MOIUON THIOKOl.iNC. 
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Wasatch Division 

5.0 DATA SU~MARY AND ANALYSES 

A comparison of the N-l, N-2, N-3, and N-4 nOlzle erosion rates based 

on average cross sectional measurements is presented in Figure 30. The 
continuous PAN materials exhibited the best erosion 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 spun PAN exhibited 
the lowest overall erosion rate. Rased on pre/post-test diametrical 

measurements, the spun PAN erorled 13 and 22 percent less than the baseline 
(8.88 and 7.97 mil/sec vs 10.18 mil/sec); with the pitch material eroding 
15 percent less than the baseline carbon cloth (8.65 vs 10.18 mil/sec). A 

summary of the diametrical throat erosion rates is presented in Figure 31. 

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

environment. 

Figure 32 shows the material affected depths for the N-l, N-?, N-3, 
and N-4 nozzles. Thp baseline material shows to be thr best performer in 
the nose, inlet, throat, and forward exit core regions. All materials 

looked equivalent in the aft cone. The pitch ~aterial used in the inlpt 

and throat regions of the N-3 nozzle showed much greater char depths than 

the other materials. 
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Figure 30. Erosion Rate \IS Area Ratio Based on Nozzle Cross Sections 
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NOZZLE MATERIAL (Mil/SEC) (SEC) (PSIA) 

N1 U.S. POLYMERIC 10.18 31.98 637.8 
FM-5055 CARBON 
CLOTH PHENOLIC 

N2 FIBERITE K411 SPUN 8.88 31.53 649.0 
PAN STACKPOLE FIBER 
SWB-8 FilLED RESIN 

N3 FIBERITE K458 G-PITCH 8.65 31.56 658.8 
UNION CARBIDE P55-4K 
FIBER FillED RESIN 

N4 U.S. POLYMERIC 7.97 32.42 654.4 
FM-5834 SPUN PAN 
STACKPOLE FIBER SWB-8 
FillED RESIN 

(1,(Dti - Dtf) I 
2 TWb 

Figure 31. Average Diametrical Throat Erosion Rate Comparison 
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6.0 CONCLUSIONS AND RECOMMENDATION 

The PAN and pitch materials tested presented no manufacturing 

difficulties. The tch materials charred much too deeply and would not be 
considered suitable for use in the SRM nozzles. The filled PAN materials 

demonstrated lower they'ma 1 conduct i vi ty than the unfi 11 ed PAN materi a 1 s. 
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 mater; 5 exhibited superior char integrity, Stackpole and 
Polycarbon both performed equally. 

The use of PAN materials in the throat decreased erosion 13 to 22 
percent. It is recommend€~d that a high fired continuous PAN be tested in 
the throat in future nozzles. The graphite epoxy exit cone overwrap 

performed well. 

From the results of these , 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 lb 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 percent decreased erosion (approxi-

mately 0.125 sec Isp gain) over that expertenced with the baseline rayon
based iarbon cloth phenolic material; employ lightweight PAN-based carbon 
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 graphi te epoxy til ament wound exi t cone structural overwrap; 
and (3) provide an estimated 360-lb increased payload capability for Space 
Shuttle launches. Included in the total payload gain (360 lb) is 100 lb due 
to reduction in throat erosion and 
weight. 

lb associated with reduced nozzle 

Due to the risks associated with introduction and qualification of new 
nozzle materials, with relative limited 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 alternate materials tests 
are planned. 
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LIGHTWEIGHT PAN 
10 lB PAYLOAD 

PAYLOAD GAIN SUMMARY 

DECREASED THROAT EROSION 

PAN THROAT 

+ 0.125 ,;:n:::\"/!'IIVLLLi:.l 

REDUCED NOZZLE WEIGHT (.6.WNOZZlE = -1,430 lB/NOZZlE) 

IT WT PAN AFT EXIT CONE 

GRAPHITE EPOXY AFT EXIT CONE 

lTWTGLASS 

LT WT PAN FIXED HOUSING 

LT WT PAN COWL 

TOTAL PAYLOAD GAIN PER LAUNCH 

LIGHTWEIGHT PAN 
10 LB PAYLOAD 

LIGHTWEIGHT GLASS 
All PARTS 
40 LB PAYLOAD 

LIGHTWEIGHT PAN 
AFT EXIT CONE 
70 LB PAYLOAD 

33. Full-Scale Alternate Materials SRM Nozzle 
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