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atmospheres and post-test analysed of the material ablation performance
were conducLed. Ftve of the must promising materials were strength—
tested and a complete eng neerj ng properties data base was developed for
one of the materials (Al~lMRC!FM l 221). Nosetip designs were developed
for a typical ATDI mission and fou r prototype full-scale models were fabricated
and tested in a high pressure rocket exhaust facility. One nosetip model of
AMMHC/FM I 221 was fabricated for flig ht test and analyzed for thermal and
structural performance. It was demonstrated in this program that certain fine-
weave carbon-carbon materials of the type evaluated will provide stable,
symmetric nosetip shapes while undergoing high pressure, turbulent recession
in ATDI environments. In addition , it was shown that these materials can be
tailored, by weave configuration design , for specific bending strength require—
menta . Intercept missions through seve re weather envi ronments require an
erosion-resistant subtip such as tungsten.
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FOR EWORD

Thi s report documents the work performed and the results obta ined
on the Advanced Interceptor Materials (AIM) program during the period
1 July 1975 to 30 April 1976. The program is being conducted by Prototype
Development Associates , Inc. ( PDA), Santa Ana , California , for the Army
Materials and Mechanics Research Center (AMMRC) under contrac t number
DAA G 46-75-C-0099.

Mr. Joh n F. Dignam Is the AMMRC Program Manager and Mr .
John R. Stetson is the Program Manager at PDA. rhe Principal Investigator
for materials evaluation Is Mr. J .  C. Schutzler . The proj ect was supported
also by Mr. E. C. Alexander (Ablation Testing), and by Mr. Jim Joe (Ablation
Data Reduction) .

All of the carbon-carbon materials evaluated in this program were
woven and densified by Fiber Materials , Inc . (FMI). These materials and the
test time at the Air Force Flight Dynamics Laboratory 50 Megawatt arc-jet
and at the Air Force Rocket Propulsion Laboratory rocket exhaust facilities
were provided to PDA by AMMRC . Engineering properties characterization
of the FM! 221 material was conducted at Southern Research Institute under
the sponsorship of the Air Force Materials Laboratory (A FML contract
F33615-74-C-5029). High velocity particle impact tests of the FM! 221
material were performed at Science Applications, Inc . (SAl) under sponsorship
of the Air Force Space and Missile Systems Organization.

—3-



This page intentionally left blank

-4-

L. ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---  
. - -. ——-— ~~~~~ - -..-~ ---—-- -

TABLE OF CONTENT S

Page

1.0 INTRODUCTION AND SUMMAR Y 13

2.0 PR OGRAM R ESULTS 21

2. 1 Evaluation of Carbon-Carbon Materials 23

2. 2 Arc-jet Tests 31

2.2. 1 50 Megawatt Tests 34

2 . 2. 2 HIP Tests 53

2. 3 Post-test Analyses of Arc-jet Results 59

2. 3. 1 Mechanical Erosion Effects 59

2. 3. 2 Uni t Cell Volume and Roughness Effects 60

2. 4 Strength Tests 67

2.5 Addi tional Tests 73

2 . ~~. i singl e Particle Impact Tests 73

2.5. 2 FMI 221 Ch aracterization of Engineering Properties 73

2. 5.3 FMI 221 Ablation Data Summary 78

2. 6 Full-scale ABM Nosetip Design 80

2. 6. 1 Clear Air Design 82

2. 6. 2 Erosion—Resistant Design 85

2. 7 Full—scale Nosetip Tests 87

2.7. 1 Objectives 87

2 .7 .2  Test Method 89

2 . 7. 3 DescriptIon of Models 96

2 . 7. 4 Test Facility Description 104

2. 7. 5 Instrumentation and Data AcquIsition 106

2. 7.6 Results 106

2. 7. 7 Post—test Analysis 120

2 .7. 8 Conclusions 135

~~~~~ ~~~~~~~~ . . ~~~~~~~~~~~~~~~~~~~



--

TABL E OF CONTENTS (Continued)

Page

2. 8 SAMS Nosetip Experiment 136

2. 8. 1 Material Description and Properties 137

2.8. 2 Flight Environment 139

2.8. 3 Nosetip Design 141

2. 8.4 Recession Calculations 142

2. 8. 5 Therm ostructural Analyses 144

2. 8. 6 Nosetip Fabrication 146

3.0 CONCLUSIONS AND RECOM MENDATIONS 153

3.1 Conclusions 153

3. 2 Materials Improvement Recommendations 159

3. 3 Recommended Nosetip Development Plan 161 
•

REFE RENCES 171

—6—

- ~~~~~~~~~~~~~~~~~~~~~ ~~~~

. :~~~~- ~~~~~~



- --~~——-— ~—~~~~- ,-~~~~~ ~—.—-~~~~~~~~~~
-. -

- , - ,  
~~~~~

- -———
~~~~~~~~~~ -~~~~~~~~~~~ - -

F
LIST OF FIGURES

Page

1. Advanced Interceptor Materials Development Program Plan 14

2. Phase II Program Flow Chart 16

3. 3D Carbon-Carbon Unit Cell 26

4. AIM fl Materials Preform Geometry Comparison 29

5. PredIcted Strengths of AIM II Materials 32

6. Cone-Cylinder Specimen (0. 721-Inch Diameter) 35

7. Non-Rotating Specimen Assembly (0.721-Inch Diameter) 36
8. Rotating Specimen Assembly (0. 721-Inch Diameter) 36

9. Cone—Cylinde r Specimen (0. 500-Inch Diameter) 37

10. Non-Rotating Specimen Assembly (0.500-Inch Diameter) 38

11. Rotatin g Sting Assembly 39

12. RENT Test Leg Specimen 41

13. HIP Ablation Specimen ConfIguration 54

14. Relative Ablation Rate Versus Pressure 60

15. Unit Cell Comparison of AIM II Materials 61
16. Steady-State Recession Rate Data - 50 Megawatt/75 ATM 62

17. Steady-State Recession Rate Data - 50 Megawatt/ 100 ATM 63

18. Steady-State Recession Rate Data - HIP/ 168 ATM 63
19. Recession Rate Summary of Thornel 50 Materials - 64 -

‘

50 Megawatt/I 5 ATM

20. Recession Rate Versus Roughness Height for Carbon-Carbon 65 1 
-

21. Ablation Summary for T50—111-55 66
22. Ablation Summary for T50-lfl-40 66

23. Post-test Surface Contour Plot , T50-111-55 68
24. Post—test Surface Contour Plot, T50—1 12--40 68

25. Measured Versus Predicted Strength Comparison 69

— 7— 

-- -



-.“-...—.—.—- - - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

I

LIST OF FIGURES (Continued)
Page

2 .  Tensile Strength Summary 72

27. Elastic Modulus Summary 72

28. FMI 221 Thermal Conductivity Summary 77

29. FM! 221 Thermal Expansion Summary 77

30. Weather Specification - Thunderstorn Profile 81

31. Vertical Liquid Water Distribution for Worse-Case 81
Cloud Penetration

32. Nosetip Stagnation Point Recession History - Clear Air 83

33. Nosetip Ablation Profiles - Clear Air 84

34. Effec t of Nosetip Overhang on Shank Moment of Inertia 85

3~i. Stagnation Point Recession - Carbon-Carbon Primary Nosetip 86

36. Stagnation Point Recession - Tungsten Subtlp 88
37. ErosIon-Resistant Design Concept 88

38. Carbon-Carbon Plug Nosetip RPL Test Model 90

39. Carbon-Carbon Shell Over Tungsten Subtip - RPL Test Model 91

40. 155 Atmosphere Nozzle Test Configuration 92

41. Stagnation Pressure Comparison for RPL Test and 94
Typical Intercept Mission

42. Carbon-Carbon Plug Model and Adapter Mounted on RPL 99
Sting - Side View

43. Carbon-Carbon Plug Model Mounted on RPL Sting - 100
Front View

44. ERN Concept Model Components 101

45. ERN Concept Shell Model T50-111-55 102

46. ERN Concept Model T50-221-44 103

47. R PL Pressure Calibration Model (Typical) 105

48. RPL 2. 00-Inch Nose Radius Calorimeter Model 105

—8-



- - - 

~~~~~

- .,—-

~~~

-,--. 

~

—..‘..-,—.-- - - -—-

~

-————---
—.,---..—.-—-., 

-

~

- . -

1.1ST OF FIGURES (Continued)

Pag~~

49. RPL Test Stand 1-52-C Camera Locations and Numbers 107

50. ABRES/RPI . Pressure Calibration Correlation - 109
High Pressure Nozzle

51 . Measured Cold-Wall Heat Flux Distribution - R N = 2.0 Inbhes

32 . Chamber Pressure History, Test 205 (T50-112—40) 114

53. Chamber Pressure History , Test 206 (T50-221—44) 114

54. Chamber Pressure History, Test 207 (T50- 112—50 over Tungsten) 115

55. Chamber Pressure h istory , Test 208 (T50-22 1-44 over Tungsten) 115

56 . Post-test Condition of Plug Model T50— 112-40 (Test 205) 116

57 . Post-test Surface of Plug Model T50-112-40 117

5-s . Post-test Shape Test 205 (Plug 1~Iodel — T50— 112-40) 118

59. Post-test Condition of Plug Model T50-221-44 (Test 206) 119

60. Post—test Condition of Shell Model ~T5O— 111—55) 121

61. Post-test Contours of Carbon-Carbon/Tungsten Shell Models 122

62. Post-test Condition of Shell Model T50-22 1—44 (Test 208) 123

63. Post-test Surface of Shell Model T50—22 1—44 124

64. Recession History and Shape Profiles - Test 205 125

65. Recession History and Shape Profiles — Test 206 126

66. Recession h istory and Shape Profiles - Test 207 127

67. Recession History and Shape Profiles - Test 208 128

68. Comparison of Predicted and Measured Recession for 130
All Carbon-Carbon Models

69. Pressure Distribution , Primary Tip Configuration - 132
155 Atmosphere Condition

70. Pressure Distribution , Subtip Configuration - 132
155 Atmosphere Condition

—9-

________________________________________________



- .
~~~~~~

..—- 
~~~~~~~~~~~~~~~~~~ 

. -. — -,.
~~~—— - .--—~~ .—.--.- —- -.-~~~. -. - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~
- - --

I .IS1 OF FIGURES (Continued )

Page

71 . II  vat  Flux I ) ist ill lutlon , Primary Tip Confi guration — 133
155 .\tmosphvrc Condition

72 . h eat Flux Distribution , Subtip Configuration - 133
155 Atmos phere Condition

73 . Com parison of Predicted and Measured Tungsten 135
Recession Histories

74. Altitude and Velocity Histories 139

75 . Stagnation Point Pressure History 140

7 . Total Enthalpv History 140

77 . Nosetip Design Analyzed and Source Locat ions 141

7~ . Stagnation Point Recession History 143

79. Nosetip Ablation Profiles 143

~U . Finite Element Mesh 145

“1. Iso-Thermal Contours at 12. 6 Seconds 145

- 5 2 . Axial  Stress Distributions Along Nosetip Centerline 147

~3. h oop Stress Distributions Along Nosetip Centerline 148

-~4, Maximum Hoop Stress History 148

-~5. Axial Stress Ih i sL orv 149

~6. h oop Stress Contours 149

‘-~7. Rad ial Stress Contour s 149

~~~~~. Radial Stress Contour s 150

89. TAT ER Nosetip, 2 October 1975 150

90. AI 5I/ SA~ IS Nosct ip , Profile View 151

91. AJM/SAMS Noset ip, Frontal View 151

92. Average Tensile Strengths and Recession Rates 158
Normalized to T50—221—44

93. Pha se III Program Flow Chart 162

—10— 

- -~~~~~~~~~~
-—“

~~~~~~
-— -

~~~ -~~~~~~~~~~~~~~ -~~~~~~~~~~~ 
-



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
fl,—’-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LIST OF TABLES

Page

1. AMI\IRC Carbon-Carbon Materials 22

2. AIM H 3DC C Billet Alloc ation 24

3. Graphite Yarn Comparison 25

4. AIM 3DCC Preform Characteristics 28

5 • T hermostructural  Property Predictions, 30
AIM 3D Carbon-Carbon

6. Ablation Test Conditions for AMMRC Carbon- 33
Carbon Material

7. Material/Test Assignment (First 50 Megawatt Entry) 44

‘5 . 50 Megawatt Test Summary, 75 ATM Flared Nozzle 45

9. AC~I 50 Megawatt Test Summary - 100 ATM Parallel Nozzle 46

10. Average Recession Rate at 75 Atmospheres 49

11. Average Recession Rate at 100 Atmospheres 51

12. Summary of 50 Megawatt Data Obtained 52

13. AMMRC Carbon-Carbon Materials Tested in HIP Facility 54

14. AIM HIP  Test Results 56

15. Average Recession Rates of AIM-HIP Materials 57

16. Summary of AIM TI Carbon-Carbon Axial Direction 70
Strength Tests

17. Summary of 221 Carbon-Carbon Single- Particle 74
Impact Tests

18. AIM II 221 CharacterIzation Matrix 75

19. FMI 221 Tensile Test Summary 76

20. FM! 221 Compression Test Summary 76

21. FMl 22l Torsion Test Summary 78

22 . FM! 221 Flexure Test Summary 78

— 11— 

- - - -—~~~~~



- ~~~~~~~~~

LIST OF TABLES (Continued)
Page

23. Summary of 221 Ablation Test Data 79

24. AIM RPL Test Matrix 92

25. Test CondItions 94

26. Calibration Tests Performed in the High Pressure Nozzle 96

27. A IM/R PL Test Results - Final Data Summary 112

2~ . AIM/RPL Data Analysis 129

29 . Range of M easured Recession Rat es 130

30. AMMRC 221 3DCC, Mater ial Propert ies for SAMS 138
Flight Analy ses

31. Carbon-Carbon Materials Available for Phase III 163

32 . AM~~~~C 3DC C Processing Study - Summary of ATIVI II 165
and 111 Tests

33. Material Requirements for Detailed Characterization , 167
Design , and Testing

-12— 

~~~~- -~~~~~~ - - - --.- -— —.
~~
-,,

~~



_ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .

1.0 INTROI)UC TION AND SUMMAR Y

This re port presents the results of tests and analytical evaluations

of carbon-carbon materials for application to Advanced Terminal Defense

Interceptor (A TDI) nosetips. The tests and evaluations performed during the

period of this report were the second phase of the Advanced Interceptor

Materials (A IM ) Development program sponsored by the Arm y Materials and

Mecha nics Research Center (AMMRC) for the Department of Defense. The

overall objective of this program is to develop materials concepts and designs

for the next generation of Anti-Ballistic Missile (ARM).

The performance levels of the next generation of Anti-Ballistic

Missiles (A BM), in particular, the Advanced Terminal Defense Interceptors

(ATDI) , impose severe design and performance requirements on missile

nosetips. The nosetip is subjected to severe aerodynamic heating that may be

coupled with high velocity particle impact from rain and nuclear dust clouds .

Additionally, blast encounter and aerodynamic maneuvering will impose large

dynamic bending loads on the nosetip.

To this end , the Army Materials and Mechanics Research Center

(AMI~IRC ), Watertown , Massachusetts , has pursued a program to develop and

evaluate improved structural materials and designs for Advanced Terminal

Defense Interceptors. The principa l structural component considered in this

study is the nosetip. The study was further restricted to materials and designs

for passive (ablative) nosetips. This report covers the results of Phase ri of

the AIM program. The relationship of Phase II to the overall development

plan for the Advanced Interceptor Material (AIM) program is shown in

Figure 1.

-13-
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Figure 1: Advanced Interceptor Materials Development Program Plan
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The present AMMR C passive nosetip pr ogram began in 1969 when
• early “SPRINT” flight test results showed that rain and dust erosion were

major design -l imit ing factors in nosetip performance. When terminal defense

(SAFEGUARD) became the primary defense mode in 1971, the development of

a more advanced interceptor nosetip became a goal of AMMR C. This goal

ultimately resulted in the Inception of the AIM program at PDA In 1973.

A review of the limited amount of carbon-carbon data available at

that t ime indicated that the way to achieve improved ablation performance and

shape stability was to make higher densi ty materials with finer weave spacings.

In Phase I of the AlI ’.-l program , performed by PDA under contract DAAG46-73-

C-0174 , several types of advanced carbon-carbon materials were reviewed and

evaluated for ablation performanc e by arc-jet testing. The ablation perfor-

mance was evaluated for carbon-carbons densified by resin , furfural , pitch , and

chemical vapor deposition (CVD). One material appeared particularly prom-

ising, a fine-weave spacing preform densified with liquid pitch subsequently

designated AMMR C/FMI 221.

In addition , ATDI nosetip material and design requirements were

defined , and plans were prepared for screening and characterization of candi-

date ABM nosetip materials. The results of the AIM I program were reported

in AMMRC TE 74-14 (Reference 1). 
- -

The Phase II program, described In this report , tested and eval-

uated analytically fourteen (14) carbon-carbon material candidates for passive

nosetip concepts. The evaluation included analytical comparisons of material

construction , high pressure are-jet ablation tests , strength tests, and thermo-

structural tests of full-scale nosetips. Recommendations resulting from the

test results have been included in an up-dated version of the nosetip develop-

ment plan given in the final report of the Phase I program (See Section 3. 3).

FIgure 2 shows a flow chart of the Phase II program tasks.

—15—
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J )ur ing the ten month period covered by this report, medium and high
pressure ablation t estis of the lourteen carbon-carbons were com pleted. Sped -
mens were fabri cated , and ab lation tests were performed in the Air Force
Flight  Dvnaniics Labor atory (A FDL) 50 Megawatt Arc-Jet Facility and at the
McDonnell Research Laboratories (MRL) High Im pact Pressure (H I P) Facility .
:\fl anal~ tical evaluation of the carbon-carbons was performed , and post-test
analyses of the  material ablation performance were conducted. Additional

MA I I I I M S  ‘SCIrVID
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H~~~~L~~ N S j
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 2: Phase II Program Flow Chart
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characterization tests were performed at Southern Research Institute (SoRT)
that included strength tests of five of the most promising materials and com-
plete enginee ring property measurements of one of the materials (FM1 221).
Six single—particle impact erosion tests of the FM! 221 were perfo rmed at the
Science Applications , Inc. (SAT) test facility. Representative AT DI nosetip
designs were developed for a typical ATDI mission. Four prototype models
(two each of two designs) were fabricated , instrumented, and tested in a high
pressure rocket exhaust facility. In addition , one flight test nosetip of FM!
221 was fabricated and analyzed for thermal and structural perfo rmance.

The results and conclusions developed during the perfo rmance of
the work on this program are summarized below:

1. It was demonstrated clearly that advanced fine-weave
carbon-carbon nosetip materials produced with Thornel
50 rayon yarns in an orthogonal weave configuration can
lead to stable symmetric nosetip shapes while the mate-
rial undergoes high pressure turbulent ablation processes.
The symmetry of the ablating nosetip shapes associated
with the AMMRC 221 fine-weave carbon-carbon will
result in low trim, low late ral accele ration cont ributions
as a result of the nosetip shape. It was fu rther shown
that these advanced fine-weave carbon-carbon materials
can be configured to provide the bending load capability

required during ATD! trajectories. It was also shown by
full—scale tests of selected nosetip materials that these
advanced fine-weave carbon-carbon nosetip materials can
provide the thermostructural and bending load capabili-
ties needed to meet the requirements of advanced terminal
interceptor missions.

—17—
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2. Design studies performed under this program demonstrated
clearly that a carbon-carbo n plug nosetip design with a 0. 50-
inch nose radius and a 2-inch overhang will accommodate the
ablation performance requirements for application to an

advanced terminal interceptor mission with high bu rnout ve-

locity in the clea r air environment. However , for a severe
thunderstorm environment , an erosion-resistant material

such as tungsten is required in addition to a carbon-carbon

primar y nosetip. The design analysis showed that an erosion-

resistant Concept provides a viable solution for a broad

range of ATI)I trajectories and weather environments.

3. The data base on the AMMRC/FM I 221 fine-weave carbon-

carbon mate rial was expanded substantially during this

program. Mechanical and thermal properties were j udged

to be adequate to design full-scale ground and flight test

hardware . One nosetip assembly Incorporating the FMI

221 material was fabricated and delivered to Sandia

Corporation for a SAMS flight test. Analysis of this design
showed adequate the rmostructural margins-of—safety.

4. In all, 14 diffe rent carbon—carbon mate rials were evaluated

in a variety of arc—jet ablation conditions. The effects of

reinforcing yarn types, weave spacings, and weave dimension

variables on the ablation perfo rmance and strength charac-

teristics of the materials were investigated fully. All the

materials were densified with identical pitch processing at

pressures of-lO , 000 psi to give densities of 1. 9 grams per

cubic centimeter on all materials. During ablation testing,

variations in the average recession rate in the orde r of

10 percent were identified for those materials woven with

—1 8—
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Thorne l 50 rayon yarns. From the ablation results at the
75 atm test conditions , whe re ample data were obtained , a

dependence of ablation rate on unit cell dimensions was

obser ved. The smaller unit cell dimensions were associated
with the lower ablation rates.

5. Tests of materials woven with Thornel 50 filaments demon-
strated a tension failure in the yarn when the yarn was loaded

to 60 percent of the virgin filament strength. When the pitch
precursor filaments were loaded to approximately 100 percent

of their virgin filament strength , failure was noted in the

composites. This indicated a probable improvement in the

matrix-filament bonding of the pitch-yarn system, which
m a y  improve both the shear streng th and erosion resistance
of the material.

6. Prototype full-scale nosetip designs suitable for advanced

interceptor mission requirements were demonstrated success-

fully in high stagnation pressure ablation environments. Full-

scale assemblies were evaluated and i~hown to be compatible

wi th mission requirements. Those components tested included

carbon-carbon plug and shell nosetip primary designs, an

erosion-resistan t tungsten subtip, a carbon phenolic forward

skirt assembly , and a tantalum forward substructure for high

temperature capability. During the full-scale tests , carbon-

carbon-ablation behavior at 160 atm total pressure was shown

to provide a symmetric shape with no thermostructural failure.

Two thoriated tungsten subtip assemblies demonstrated
symmetric ablation without thermostructural failure.

As a result of the work done under this program, recommendations
for material improvements were made and those are summarized below:

—19—
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It is recommended that pitch—based yarn materials be
processed from yarns having 700 filaments to allow fine r

weave preforms. Development of these materials is needed
to alleviate the dependence on rayon-based yarns now used

almost exclusively in advanced carbon-carbon nosetip

materials. The use of pitch-based yarn materials should

also pe rmit the exploitation of the improvement in filament-
to-matrix bonding achieved with the pitch-based materials.

2. it is recommended that a systematic study be performed to
optimize perfo rmance variations that can be achieved by

altering processing variables including such things as carbon

vapor deposition densification and billet stabilization, impreg-
nation pressure , graphitization temperature , and the cyclic

variations during clensification. =
3. Additional testing is clearly in orde r to define the process

for optimization of material capability. Both the precursor

and processing parameters should be systematically varied ,
and the test data base should be expanded to include suitable
erosion tests and a more extensive tensile strength data base
on materials at elevated temperatu res.

The Advanced Interceptor Materials Development Plan was updated
based on these results. The revised plan is given In Section 3. 3.

—20—
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2. 0 PROGRAM R ESULTS

Fourtccn different three-dimensionally reinforced carbon-carbon

materials (3DCC~ were evaluated in the AIM Phase II program . The preforms

for all the materials were woven by Fiber Material s, Inc. (FMI) from four

diff erent Union Carbide Corporation (UCC)-produced graphite arns. FM I

also densif ted the preforms to nominal densities of 1.9 gm/cc using Ashland

A2-I0 pitch at a processing pressure of 10, 000 psi. The billets were graph—

itized at 2700 °C. Consequen tly, a set of ma terials having identical preform

weaving and densification processes were available for evaluation . This

provided a unic~ue opportunity to evaluate the effects of yarn types and pre-

form weave geometries on the material properties.

Ni neteen billets of the 3DCC materials were provided by AM1~~ C

for evaluation. The mat erials are listed In Table 1 along with their dimen-

slon s, weights and densities. The centerline spacings of X (or Y) and Z-yarn

bundles are also given. The material designation code assigned to each

material describes the yarn type , the number of X, Y and Z yarns per site ,

and the number of Z sites per inch in the X or Y uirections (reciprocal of the

Z—spac ing). The yarn types are coded as follows:

T400 - Thorne l 400
T50 - Thornel 50
T75 - Thornel 75
P - UCC experimental pitch-precursor yarn.

Ablation tests were conducted in the Air Force Flight Dynamics

Labora tory 50 Megawatt arc-jet facility (AFFDL 50 MW) at stagnation pressure

conditions of 75 and 100 atmospheres. Additional ablation tests were conduc-

ted at the McDonnell Douglas Research Laboratories ’ High Impact Pressure

Arc-jet Facility (MDR L HIP) at 168 atmospheres stagnation pressure. Five

of the 3DCC materials were strength-tested at Southern Research Institute

-21— 
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(Soil I) and one 4 x -1 x S—inch billet was supplied to SoB ! for more extensive

mechanical and the r moph vs i ca l  properties cha r ac t e r i z a t ion  under j oint  AMMRC /

Air Force sponsorship. Uig h velocity particle impact tests were conducted by

Science Applications , Inc . (SA b on one material and a nosetip for flight test

on the Sandia Corporation SAMS ~- ehiele was fabricated and analyzed for abla-

tion and therm ostructural  response. Materials for the particle impact tests

and the SAMS noseli p were  provided by the AIM program in support of SAMSO-

ABRES programs. Other materi a l  ~ as provided to SAMSO for flight testing on

th e Advanced Noset i p Experiment <\ .N . T. -1 and the I~IlNT vehicle. Based on

the ablation and erosion test resu lts , preliminary design s of ABM nosetips

were si zed for both clear air and ~ eather in tercept missions. Four prototyp e

full-scale models were then fabricated and tested for performance at 160

atmospheres in the •-\ FRPL/A BRES rocket exhaust facil ity . Allocation of

materials and billet identification lor all of these tests is given in Table 2.

The results of the tests performed , the evaluation of the data ,

and the results of analytical evaluations of the fourteen different 3DCC

materials are described in the follow ing sections.

2. 1 Evaluation of Carbon-Carbon Materials

The strength , modulus and thermal expansion properties of four-

teen 3DCC materials were predicted and compared along with the basic

preform characteristics in order to gain a preliminary evaluation of the

r elative performance of the materials in advanced interceptor environments.

The basic properties of the reinforcement yarns are given In

Table 3. The cross-sectional areas of the filaments were calculated from

reported yarn deniers and used for subsequent calculation s of filament volume

fractions. However , for Thornel 50 the more commonly used value of 4. 55 x

10”81n 2 was used for these calculations. The pitch precursor yarn was not

characterized. The strengt h and modulus values given in Table 3 for the pitch

—2 3— 
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yarns are p re l imina ry  quant it ies from lim ited testing by FMI (Reference 2).

Other dat a in  th e table are extracted from CCC literature (References 3, 4 , i) .

TABLE 3: GRA PHITE YARN COM PARISON

THORNEL THORNEL THORNE L CCC
400 50 75 PITCH

PRECURSOR PAN RAYON RAYON PITCH

~~~ A~) U T h  
1500 720 720 2000

1500 1440 1440 2000

698 322 

- 

270 2100

DENS~~Y, p 1.7 7 1.66 1.80 1.88(gm/cc)

FILAMFN’F
CROSS-SECTION 4 .52 4.63 3.58 9.61

t io —8 in. 2 )

ELASTrC 
-

MODU LUS, E 34 57 78 50
(106 psi)

STRENG Th , C (ksi) 
450 315 380 150-200

*

A (Den 1er~ 1.72 x10 7 In. 2
f 

\
N~ p )

A schematic showing the arrangement of X , Y, and Z-varn

bundles in a unit cell of carbon-carbon is given In Figure 3. The drawing

also illustrates the terminology for preform yarn spacings where S and S,~
are centerline spacings of Z and X (or Y) yarn sites , respectively.
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Pigure 3~ 3D Carbon-Carbon Unit Cell

The preform geometries and the calculated volume fractions of

filament reinforcements are given in Table 4. The filament volume fractions

were calculated from the following expressions.

VT = Vfz 
+ 2V1 

~~~‘-- --~~~~~~~~~ •-- ‘-- --
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where N and N are the numbers of yarns per Z and X site , respectively.

The volume of the unit cell , v S S 2 , is a relative measure
of preform weave fineness and is also given in Table 4 for the various carbon—
carbons.

It is clear from the data in Table 4 that the AIM II materials

represent a very broad range of 3DCC pre form parameters including filament

volume fraction distribution between the X and Z directions and the unit cell

volume. This diversity of material constructions provided an ideal base for
correlation of the test results. A summary  plot of the AIM II materials ’ unit

cell volumes and volume fraction ratios (Vf / V f )  is presented in Figure 4 .
The volume fract ion ratio is a measure of the filament distributio n in the
preform. The AE\ 1 materials range from “balanced” con figurations, \.f /Vfz X
~~l. 0 to “hi gh-axial” configurations , Vf / Vf 2.0, and from “f ine

- 
z ~weaves ”, V 1 x 1O~~ in3, to “coarse weaves” , V 40 x iO”°in3.uc uc

A 3DCC uni t cell model pre viously developed and described in

Reference 6 was used to estimate the thermostructural properties of the

fourteen AIM ii materials. The uni t cell model uses constituent properties

(filament s and matrix) and boundary conditions of strain compatibility between

the constituents to predict the properties of the uni t cell. Because the uni t

cell is a repeatable unit within the composite , it has the same properties as
the composite . The propertie s of ATJS grap hite were used to approximate

the matri x material. The longitudinal modulus and strengh of the filaments

are fro m Table 3. The transverse moduli and the thermal expansions of the

filaments in both directions were computed by a model (described in Reference

6) based on transformation of the princ ipal-direction properties of graphite

crystals within the filaments. The resulting properties of the AiM II materials
are summarized in Table 5. TensIle strength of a carbon-carbon material

depends upon the degree of filament-to-matrix bonding, the in-situ straightness

—27—
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Figure 4: A~M II Materials Preform Geometry Comparison

of the filaments and any filament damage incurred during weaving as

well as the filament strength. Tensile data on GE 223 carbon-carbon

(Reference 7) were used to determine the effect of the above processing

considerations on the effective in-situ strength of Thornel 50 filaments.

It was concluded that the In-situ filament strengt h is abou t 46 to 53

percent of the average off-the-spool strength (Table 3) for the X and Z
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direc tions , respectively . An average In-situ filament strength factor of 50

percent was used for all of the AIM II materials , although it was certain that

the FMI processing resulted in a different filament strength factor . (This

effect was assessed after tensile testing six of the AIM H materials. The

results , discussed in SectIon 2. 4, indicated that the FMI-pr ocessed AIM

materials with Thornel 50 yarns developed in-situ filament strength factors of

54 to 62 percent in the Z direction .)

The estimated axial tensile strengths of the AIM II materials are

plotted in Figure 5 versus the fiber volume fraction ratio. The low strength

estimated for the pitch yarn material is a result of low filament strengths

(T able 3). However , as discussed in Section 2 .4 , the actual strength of the

pitch material Is considerably better than the estimate.

2. 2 Arc—jet Tests

Medium and high pressure ablation tests of carbon-carbon speci-

mens were performed in the RENT leg of the Air Force Flight Dynamics

Laborator y 50 Megawatt are-jet facility and at the McDonnell-Douglas

Resea rch Laboratory HIP arc-jet facility. The objectives of the two test

series were as follows:

1. Evaluate fourteen candidate carbon-carbon materials

for their possible application to passive nosetip

concepts for advanced terminal interceptors.

2. Determine the effects of weave spacing and yarn

type on thermochemical ablation rates and shape-

change phenomena.

3. Rank the overal l ablation performance of each

material and compare with the results of earlier

(Phase I )  ATM program results.

—31—
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4. ObtaI n test data needed to modify e~~sting theoret-

I cal models used to predict the flight ablation behavior

of carbon-carbon nosetip materials. Assess the validity

of the models for each material from test results.

5. Establish recommendations for ma terials improvements.

Fift y specimens of carbon-carbon were tested at the 50 Megawatt

facility at stagnation pressures of 75 and 100 atmospheres. Eighteen sped —

mens were tested at the HIP facility at 168 atmospheres stagnation pressure.

Table 6 gives the pertinent test conditions and numbers of specimens tested

at each facility .

50

40

14C ’3-fl4-25 T50-226-25 
—

0 0
01

:—. 1403-222-33 15 0—223- 33

)) - 
0 -4432— 8 150-112-40 0

X 0 r5o ~) I1 _ 5s
I,
z

0 5 0 - I 1 l - 5 0
150-224 -25

.-‘ I / S - I l l - S O  0
o

0150-222- 33
0 20 Dl5 0 ’4030 -8

0

~ 100-221- 44
‘-111-33

5 0

10

I I I C C I
c 0 8  1 . 0 1.2  1. 4 1.6 1, 8 2 , 0 2 . 2

FIgure 5: PredIcted Strengths of AIM II Materials
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2. 2. 1 50 ~1 &- ga~ a t t  Tests

Two Sn ~legawatt  test series were performed. The first series was

co nduct ed in ~ugus t  1975 and included t h i r t y  specimens tested at 75 atmospheres

~~‘ag n at iof l  pressure and ten specimens tested at 100 atmospheres. The 75

atmosphere tesi s included both rotat ing and non-rotating specimens; the 100

atml)sphere tcst s had o n l y non-rI)tating specimens. The rotating sting test 
-•

method was used for some of the 75 atmosp here tests because the particular

flared design of t h i s  nozzle ’ was know n to result  in somewhat asymmetric

heati ng and ablation . This effect ~ as less severe in the 100 atmosphere ,

pa i’: i lkl  t1o~ nozzle.  In general, the rotating specimens ablated more

~~v f l 5 l I I & - 1  i ’ical lv , a l t hough  th ere  was  no significant difference in com parative

ablat ion i’at ’ I1ct ~~c(-n spinning and non—spinning results. During the 100

:I tm o ) sp hl’I’ e ft’sts , a malfunct ion of the model positioning system occurred , and

flOfl~~ I I ?  t h o - s t -  ~~p k ’ ( ’i n 1 c f l s  were maintained at the desired location with respect

to the 5 I ? / l ~ 1-s i t  I) l: lfl e’ . Because of this occurrence , all of the 100 atmosphere

dat a  po in t s  t~~-r~- questionable. These tests were then repeated in a second entry

in November wi th  the  same materials.  The November entry was completely

succesS ful at the  1 4 4  i tmo sp here condition . All of the results have been

reported in th e  follo~~ing discussion; however , care should be used in the inter-

pre ta t ion  CI the i’~- s u l t s  I It  r u n s  74—07 and 74—08.

Ablat i on Test Specimens

Fourt een car bon-carbon test materials were supplied to PDA in

billet form by the A r m y  Mater ia l s  and Mechanics Research Center. The

st ructures of the different materials have been given in Table 1. The material

designation of Table 1 identIfies the fiber type , weave configuration (yarns per

site), and the Z -sltes per inch (reciprocal of to G~ spacing). All of the

materials were densifled by FM ! using Ashland A24 0 pitch.
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Cutt ing plans for each billet that provided maximum util ization of

material were prepared. Two specimen configurations , one for each test

condition , were defined. Specimens which were intended for the 75-atmosphere

model stagnation pressure test condition were machined into 0. 721-inch diam-

eter cone-cylinders as show n in Figure 6. Non-rotating specimens were

assembled as shown in Figure 7. Rotating specimens were assembled

according to Figure 8.

100 SpherIcal Radlu8

~~T 1
2.000

45
0 x .030

+.0000
~~ —.7210 ± 0005 Dla.

I ~‘1~T~oi I

DR. #29 (.136) Dia . x • 50 Deep
Tap 8-32 NC-2B x • 38 DP. M m .

FIgure 6: Cone-Cylinder Specimen (0. 721-Inch Diameter)
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Figure 7: Non-Rotating Specimen Assembl (0. 721-Inch Diameter)

3. 680 Ref.— -~~~~~~~~~~~~

~~~— —3.I17 Ref. 17 -
~~~

— L ....— . 204 31CC. ~~~ Ret

V -- i’~r ~“1,. . ~~o
—— - - ‘ C ,  

— Dia. Rot . Ret .

Re!.
_ -

3/8 - 24 UNF3B Ref.

FIgure 8: Rotating Specimen Assembly (0. 721—Inch Diameter)
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Specimens which were intended for the 100-atmosphere model

stagnation pressure test condition were machined into 0.500-inc h diameter

cone-cylinders as shown in Figure 9. These specln~ ns were all non-rotating

and were assembled as show n in Figure 10.

• 010 B (Spher ical)

450 7/
2.000

-~_________________

45° x .032

~~ 
L.11( .5OO +~~~~~D1a.

____  

[
~5~I 

.oo~]

DR. #21 (.159) Dia. x • SOD
CSK 90° x . 199 Dia.
Tap 10-32NF x .38 DP

FIgure 9: Cone-Cylinder SpecImen (0. 500-Inch Diameter)
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3.450

- - -4 5°

Figure 10: Non-Rotating Specimen Assembly (0. 500-Inch Assembly)

PDA supp lied the non-rotating and rotating specimen assemblies

show n in Figures 10 and 11 , respectively. AFFDL provided copper assembly-

t o- s t r u t  adapters for the stationary assemblies and all of the necessary

plumbing for the rotating sting assembly.

lest l-’a c i l i tv

The ablation tests were performed wi th  the N-4 Arc Heater and

Nozzle Assembly (RENT leg) of the Air Force Flight Dynamics Laboratory

(AFFDL), 50 Megawatt Facility , Wright-Patterson Air Force Base , Ohio .

The 30 Megawatt RENT leg provided a continuous flow of arc-heated air from

a high pressure plenum . The high pressure air was exhauste d through a

water-cooled nozzle into a test section at ambient pressure. The 1.38-inch

flared nozzle (10138F) and a plenum pressure of 1500 psia were used to
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achieve an approximate model stagnation pressure of 75 atmospheres. The

1.11—inch parallel h o w  nozzle (09111P) and a plenum pressure of 1800 psia

were used to achieve an approximate model stagnation pressure of 100 atmo-

spheres. A com plete description of the 50 Megawatt facility and its capabilities

is given in Reference ~. FIgure 12 shows a schematic of the major components

of the UEN’l ’ test leg with a test model in position.

A linear motion model carriage was used for insertion of the

models into the test tiow . The carriage was programmed so that eac h strut

was pinned on centerline for 2 to 3 seconds and driven forward axially to keep

the tip of the ablating model a constant 0 . 100 ± 0. 010 inch from the nozzle

exit plane.

A strut abort switch was incorporated into the carriage timing

program to allow any strut to be aborted if a structural failur e of the specimen

occurred . This feature allowed the exposure time to be reduced to less than

-
‘ 

the present time when model conditions dictate. None of the models were

aborted during either series of tests.

Test Method

Ten heater runs were performed by the 50 Megawatt facility

operating personnel. Each heater run tested five  carbon-carbon models.

The three different test cond itions were i s  t I U ’YI s~

1. 75 atm /non-rotating/2 . 5 sec exposure

2. 75 atm/rotating/2 . 5 sec exposur e , and

3. 100 atm/non-rotat ing/2 see exposure.

—40 -
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Selection of Test Matrix

The fourteen different 3D carbon-carbon materials provided by

AMMR C for ablation testing represented a broad spectrum of nosetip candi-

dates. The material preforms were woven from four different yarns inclu-

ding a new pitch-precursor yarn. The prefor m parameters covered a very

broad range of variables from very fine—weave to ~‘erv coarse weaves. The

fourteen materials were all densified by a pitch-impregnation process at
C Fiber Materials , Inc. Consequently , the materials provided an opportunity

to evaluate the effects of yarn type and preform construction geometry on

ablation performance.

The materials were divided into several categories prior to test

assignments as follows:

New Fine-Weave Materials

!
T30— 111— 55
T75— 111—50
P— 111—33
T5 0—112—40
T50-222—33

Current Fine-Weave Materials

T50—221—4-l
T5O—223-33

Current Medium-Weave Materials

T50—224—25
T50-226-25

Other New Materials

T50—8832—8
T400—8832— 8
T400-224-25
T400 -222— 33
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Emphasis was placed on obtaining ablation test data on the new fine-weave

m aterials. Three 75 -atmosphere tests were planned for each of the six
materials in thi s category. At least one of the three specimens was to be

C rotated during test in the are . One-hundred atmosphere tests were conducted

on the new fine-weave materials and on the T50-22 1-44 material for reference.
At least one test was performed at 75 atmospheres on each of the remaining

materials. Where only one sample of a material was tested at 75 atmospheres ,

it was a rotating specimen.

Table 7 summarizes the assignment of materials and test conditions
for the first entry according to the material categories. The assignment of

models to each heater run was based on material similarity and expected

material delivery date. Table ~ show s the assignment of models for each

75 atmosphere heater run , and Table 9 show s the model assignments for the

100 atmosphere tests.

The exposure duration was initially 3 seconds for the first rack

tested. This was reduced to 2. 75 seconds for the second rack and to 2. 5 sec-
onds for the subsequent runs by mutual agreement between A FFDL and the
responsible PDA engineer because of excessive ablation of the heatshield.

The data obtained fr om each specimen test included recession

history, recession profiles from film data , and surface temperature. These

data were used to rank the performance of each material. Material perfor-

mance and recession data were obtained from two sources. Primary data

were taken from readings of the high-speed film cameras. Secondary data

were available from the strut axial position induction as recorded on a high-

speed oscillograph . High-speed photographic coverage included three cameras

looking at the tip from overhead and from 45 degrees to either side. Addi-

Uona l instrumentation Included recording pyrometers for surface temperature

measurement as close to the stagnation point as possible.

-43-

—- -— - ---- -— - - -
~~~~~~~~~~~~~~~

--



- - ~~~~~~~~~~~ - - ~~-~~~ --------- -~~~~~ .

rI)
z

L t- C~ CC) IC) ~D IC) Cl .4 .4 Cl .4 — .4 0

0 *
—I-.

9
o 

~~~~~ I C C

C1)~~~~ 
E-s

~~~~~~~~O C~Q0 Cl .4 Cl .4 .4 .4 .-I .1  .4 .-4 IC)

Q —
E~~ bC ~~~~~~‘C~~~~

Cl)

— —0 *

— 4.4 ~ — ~.

Cl Cl .4 Cl ~4 Cl Cl -I

._..

— ____ _ _ _ _ _ _ _ _ _ _ _  ___  ___  _______ —

Z e~ IC)0 o 0 IC) 0 CC) C~)  IC) IC) C) I Cl c~IC) IC) IC) 1~ CC) ~. C) Cl Cl I Cl I I
S I C) I C C I I I C Cl CC) .r Cl .~~ 5

.4 .4 CC) — Cl Cl -~ CC) ~~ ~C) Cl ~~ CI ~C) —
— —. I .4 .4 CI Cl Cl Cl Cl Cl ~~ Cl I)
.4 1 ~~ — -4 Cl Cl Cl Cl CI I I C Cl)o i i ‘-4 I I I I I C I 0 0 0 I

— 0 IC) .4 0 0 0 0 0 0 0 0 0 0 0 C) ~Cfa U) t— I IC) IC) IC) IC) IC) Il) IC) ~
. 4’ 4’ I:)

~~~~~EI PC 4 E
~
4 E 4  L-, E-1 Ei~~~~~~ ~~~E~~ l-~~ E-~

_______  _____________  ____ ____ _________  C) ’..

C)
l ) a~8
.

~~~~~~ 

.~~ .l) ~~~~
P4 ’.I C) C) Cl~~

) ~~~~ ~e~ ~~~~ ~— Q
o~~ Q~~

-44—



~
-
~~
-

~~~~~~
:-

~~~~
-- _ - - - - - - --— --

(C —
—~~~

—
C~~.

2 ‘~~

I fl CC -~ Ct —. ‘C’ . C C J t O ? .j r  ~~~~~~~ (-  .‘( CC x . , -o : , ’ C z o t  i~~~~Z C _ _. t ~~~~C S C t Z I ,— —. — Ci Ci — Ci ~‘i — — — - I ‘~‘ ~ •

~ ~~~~~~~~ o d~~~~~~~ d~~~~~~~~ I~~~~~

r t zC ~ “C — CC 0 0 C C ‘C CC Ct —, I— C-I 0 -V fl CC -7 0 = 0 

~~~ d~~~~~~oH ~ c~~~~~~d ~~~~C O d  ~~~~~~~~

~ 2 _ ::~~ ~~: ~ ~~~~CI~ ~‘. ~~ t d  ~~~~~~~~~~ ~~d~~~~d dd~~ o d d0’dd
0

C,)ç~i Z
~~~~~~~~~ C C O C C C i  NIf l CC CE-~~ ~~~~~~~~ j ;: ..  U i - ’ C C C C C C C I ’ C

N N C C C’C CC N C’i C’C S-C C C N 51 51 51 54 N C-C~~ ’- i N~~~ j ~~~ 7’j

~~~~ ~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

L~ t-
z

0 0 0 0 _ , , 0 0 ,, 0 0 0 —ç~ ~.~~~~- C Z  Z ’ Z  Z Z  Z Z Z~~~~~ Z ~ Z 0 Z

-

— _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _

I-
— (C’ = CL (‘C CC — — — N N C’C CI) — SC C) (Ci 0 CC 0 — C’C C’! •t ‘C’ Cl C) CC C) CC ‘C— 0 0 0 1 C r (fl Ifl Cfl CCC I’C O O r f l C  —‘~~~~~~0C i  IC CCC CC C’C CO C 0 ~~’i C l ( ’ C

= CC Cfl IC’ ‘t ‘C’ LI It (C) (‘C (‘C L’C CC) ICC CCC N I— ( — CL C- C CC £ CL Z 01 CL

‘C)

C C C )  C C I ’ C
— ICC “C (‘C CC CC ~7 • ‘t (‘C (‘C 0 0 ‘5 (‘C ‘C = C = I C-I C C C’) CC CC CC C e~ ~— “C ICC L I ‘5 — ~7 C) C’) C!) CI) * CI C C ICC I) “C N - ‘5 1’) CC I’) I

- ‘ C’J N I C  I I I  C C C I I  l i i ! )  * CC CS C I V )  C l i N t  C
— — — — CI SC — — CC C! (‘C C’S CC, C’I CI CC (‘C CC N CC Cl 0 

C I S C  C’C CC CC CI C-I (C~~~~~ N C C C C  ~~~ —(~~~~~ Ct Si  — — C  c’I c ’ I N C C~~~~I CI S C N N C - I  .~~~~~~ N C C SC I t-~~ C4 t-l~~~~~~~ —0 0  h I l l  1 1 1 1 1  I I I  = 0  C I ~ ( I I C I
— ‘ 7  = C O O S  0 0 0 0 0  0 00 0 0  C O  , 0 C*  C 0 0 0  (3

~~~~~~~—

— ______ ______ ______- ______ ______ ______  0 5 ( 3

IC II .. 
C

. 0 C C .  I C C ’ 5 r’( ,-C N~~~( . i - ’ C  ( C C ( ( ’ U) 0 t C i-’C ~~~ NC ) C CC2

CC I) CC CC C’) t .0 ? ‘C’ ‘V CI  C-C CCI C-C N Ci) Cl) (C) Cr, I’S CC It -: CC
S 

— _ _ _  _ _ _  

— 
_ _ _ _  _ _ _ _  _ _ _ _  -~~~~~~~~

— N CC ~~ CCC Cl CC ‘)‘ ICC t (  N CC .7 (‘C — N CC (C’ (CC — Cl CC ‘1’ CI) — N CC (C’ ICC

— _ _ _ _  _ _ _ _  _ _ _  _ _ _ _  _ _ _ _  _ _ _ _

~~~~- , ~~;

—45—

~

-- -

~

-- - - - -- - ---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---~~~~~~~~~



—,~--~--- - -:;~ —- - ~~~~~~~~~~~~~~~~~~~~~~ l~S’((’~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘~~~~“ —(-7’~”~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ‘ “~~~ —“ ‘~~~~‘~~ -

9

~~~~

CC ‘1’ CC C ’S CC C CC 0 0 C CC ‘CL — I” .0 C’) (‘I CC
- - ‘ I t I  / N 0 N — It 0 0 (CI CC CC — CC — N
C” ‘~ C I  C-I SI CC I’) CC (‘I CC CC C) CC CC C-C LI CCI Cl CC CC CC N

-~~~ ~‘-
‘
~~ ~~~~~~~~~~~~~~~~ d d C i~~~~~

~- I S à CI C C  SC N CC CC S’ 51 51 51 CC C-C CI CI C’I CI N

‘l ~~~~~~~~~~ o d o ~~~~o d o a o~~

C o o l - -- C O N f l N O C’ I ’ C  C - I O C ’- C L ’ V
-~~ i i ” , i ’ C  i-’C L’C (C) C-) I) C i S L~~~ICC IiI hCC L) L’S i - ’ C C ) C ! )

0 t o o~~~~d d od s d  o~~~~o~~~~ o -~~ o o o o

N 0-’  - - 
- 

- - 
— 

-
• ‘ ‘

~~~ ~~~~~~~~~~~~~~~~ C I N L I N C I  N N C I N C’ I

— CC- I, ________ 0

___ I,(-~~~~~~~- II•(
~~~~~~

CC)

— 7-

S
-‘ ‘~~~ ‘ C r ~~ -~~~CC I’C C-C = ~~~~I’C I’C 5i 1C ~~~~ t ’ S C

~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~
.“)~‘ 0 — - t i ’ tZ ,  ‘ 5 ( 0 0 CC 0 C )  C - t O O  0

‘0 — — ‘5 — C’  CC — r ‘C ~~
L tI .” C I  ‘~( C l ,, I’S 

~~~~~~~~~ 
at  -‘

~~~~~~~~ 0~~~

0 0 _ , C  0 ” .  0~~~~~~~~~~~~ CC

~~ ~~~~~~~~~~~~ ~~~~~~~~~~ ~~L~~~S ~~~~~~~~~~~~ ~(C~~~E
____ ______ —____ ______ —

,‘~ CC -~~~~~ C
0 0  N C ) 7 L ’ C  ~

. 5 C 1’C
~~ T~~~~ ~~~~~~~~ ‘7~~’~’r’? 1 111 -2

; . I t  ~~~~~~~~~~~~~~ 4~~~-~~~- C C 0 ’ C C~~ CC 0 0 00 0

CC 
C

I-
U U

- ‘ .~~~N C C . V IC) .-( C I C C . 0 I C )  ~ C N C ) . #  CCC . . .N C C~~~~~ CC g
II)

____ ______ ______ ______ — 
C’C~~~~

0 C- CC CC F-
0 0 —

-46--



-- -~ 
,_r ~~ ‘5.C’~~CW’SI 7-07’ f )wV ’ ~~~~~~~~~~ -“ ~~~~~~~ - — ,~. _ _ - - -—- —- — — ,‘-,-_-‘- -

Results

The first eight heater runs were performed in August 1975. Table
-‘ gives a sunrnmrv CCI the results of the first six steady—state runs performed
at 7-5 atmospheres in the 1.38-inc h diameter flared nozzle. The seventh and

eighth runs were performed at 100 atmospheres in the 1. 11—inc h diameter

paralk’l flow nozzw and are summarized in Table 9.

Examination of the film data showed the results of the seventh and

eighth runs to he questionable because the model axial positioner drove each

specimen forward into the nozzle during exposure. This problem was caused 
-‘

by a broken Sensor cable in the positioner control circuit. As a result , the
sidewall heating was increased on these models and the steady-state turbulent

biconic shape was not maintained during ablation. It was decided to machine

additional test specimens and retest at these same conditions. The retests
were completed successfully in November as run numbers nine and ten. These
data are reported also in Table 9. It should be noted that in some cases there

was little change in ablation rate due to the effec t of the model positioner . This
was due to the parallel flow design of the nozzle.

The data obtained from each specimen tested included recession

history and recession profiles from film data , model positioner data , and sur-
face temperature histories. The detailed test results including stagnation point

recession histories and shape profiles observed from the films and post-test

photographs of each specimen tested were given in the Program Interim Report

(Reference 9); the overall results are discussed in the next few paragraphs.

Discussion of Results

The first heater run (74-01) exposed each specimen for 3. 0 seconds. 
—

This exposure time exceeded the protecti ve capability of the non-rotating model
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holder and heatshield for thi s diameter specimen , and consequently, one of the

specimens (3-3) was lost on exit from the arc-jet. Therefore , the second run

(74-02) was s€C t to expose each specimen for only 2. 75 seconds. This time also

appeared to he marginal In terms of heatshleld survival for the non-rotating

holder , although all test specimens were recovered . The exposure time was

then reduced to 2. 5 seconds for the remainder of the 75 atmosphere tests.

Univ one othe r specimen (5-4) was lost during exit from the arc-jet , and this

w a s  due to striking the side of the nozzle. Valid recession data were obtained

for both of these models from the films. The axial drive model positloner

did not control properly for two other specimens (4-4 and 5-5). Because model

position ~‘as more critical in the flared nozzle flowfield than in the parallel

flow nozzle , the results of these two tests were of doubtful validity and were

not included in the analysis of the results. In addition , model 1-3 (T50-111-50)

was broken during pretest operations and was replaced with a spare T50—22 1-44

specimen ( 11—1 ) .

Table 10 summarizes the average steady-state recession results

for eac h of the materials tested , listed in order of increasing average recession

rate. From this table it is seen that the steady—state recession rate of all

replicate specimens was within ~
- -s percent of the average for each material.

In general , the measured rates from rotating specimens were nearly always

slightly lower than the average rate . This max’ hav e been due to the effects

of model asymmetry on local heating and ablation .

The mean recession rates of the first seven materials listed in

Table 10 varIed less than the maximum variation indicated for replicate

specimens. However , the remainder of the materials (indicated below the

dashed line of Table 6) had significantly higher recession rates. The principal

interest lies therefore with the seven materials above the dashed line , which

include all of the new materials of Interest in addition to T50-22 1-44.
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TABLE 10: AVERAG E RECESSION RATE AT 75 ATMOSPH ERES

• 10138F Nozzle
• Steady-state Data from Films
• Ranked According to Average Recession Rat e

M A I E R I A I ,  STEA DY-STATE TURBULENT RECESSION RATE (IN/SEC )

1’ \ T l C - 1 (  \ C  I ’ )C u ( ’ I’ T(NG l~ VARIA TION
sP l.I E Ct ’- C,) C C )  1 ,-.S 73I( X(Il(CflC) P i-r cont

770- 111-SO ~~~ ‘) j l;,,~ . 1 ’~ C . 005 3. 0
‘I 73 - UI— SO . IC - CC . 17 1 , . 17 7  , 172 .003 2.9
1’C 0 - 2 3 1 — 4 1 , Ic O .1i ~1 , . 1Ct l~ . 186 172 . 0 1 )  8. 1
T C O - 22 2 - 3 7  .172 . 10 , .177 . 177 .O0~ 3. 5
7 10— 111-73 .170 . 1 C C , .183 . 173 . 010 5 . 8
T3t - 112—40 . 173~ . l- 4 . 1)-i • 173 , 012 6. 9
P 1 1 1 — 3 3  . 1(~C6 , i~ I - 175 .u[- 9 5.1

I (3 . — —  . 19 CC , 136 — — —

‘1 7 ( 2 2 ) 2,7 . 203 ~~~ — . 203
T40) 22 -1 — 2 ’)  .2(111 — — —  .21) 6

2 1 — 77 . CCC III .

r i, - — t , 7 ,( -8 . 210 — — —  .210
‘i’;I ,Ll ‘~ 32 - 8 .~~i5 — — —  . 215
741 IC -272 -33  .211 .223 • 21) 0. 1 C C ~ 8

Three specimens of this latter material had been tested in the 50

Megawatt during the AIM Phase I program , and an average recession rate of

0.235 inch per second was measured at 80 atmospheres stagnation pressure.

This difference in recession rate should be attributed to differences in sped-

men size and nozzle configuration . The measured ablation rate in the 75

atmosphere , flared nozzle max’ be corrected to the 80 atmosphere parallel

flow nozzle by the relation :

~ / 
I’
80 \

0. 8 / D80 
\_ 0 . 2

80 
— 

75 ~~P77) ~~D75)

where is the steady-state recession rate
P is the local surface pressure
D is the specimen diameter , and
the subscript s 80 and 75 refer to the
respective nozzle and test conditions.
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.-~pplying this correction to the data for T50-22 1—44 gives

S
80 

0. 172 (2~~) 
= 0. 195 inches/second

w hich is still less than the average rate measured for the Phase I tests.

This difference Is attributed to the different flow ar7d enthalpy expansion char-

acteristics of the flared nozzle used in the Phase II tests.

As indicated above , all of the 100 atmosphere specimens from runs 7 and 8

were driven into the nozzle. Initially therefore , these data were not con-

sidered valid and the tests were repeated . The latter two racks performed

satisfactorily . Table 11 compares the average steady-state ablation rate of

each 100 atmosphere specimen. These materials tested at 100 atmospheres

were ranked in order of increasing recession rate based on the average of

runs 9 and 10, which were repeatable to within + 3 percent of the mean. If

the materials were ranked on the basis of the average rates from all four 100

atmosphere tests , the relative performance would be almost the same except

for the T50-l11-50 material . The mean ablation rate from all four runs was

within 10 percent of the mean rate from runs 9 and 10. On this basis , the

test data of four specimens from runs 7 and 8 that varied by greater than 10

percent from the mean of runs 9 and 10 were considered questionable because

of the inaccurate sting positioning.

Indeed subsequent tests of two T50-221-44 specimens taken from the same
billet as the above specimens gave an average steady-state turbulent
ablation rate of 0. 241 inches/second (Reference 10), which was nearly
identIcal to the average recession rate measured in the Phase I tests. See
Section 2 .5 for a compilation of all T50-221-44 ablation data.
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TABLE 1l: A\ ’ EHA GE RECESSION RATE AT 100 ATMOSPh ERES
• 09111P Nozzle

• Steady-state Data from Films

MATER IA L STEAD Y-STATE TL ’HBULENT RECESSION RATE (JN/SEC)

7 - 1 - 1 7  7- 1-08 74-09 74-10 
Average of Average of

____________ _______ ________ ________ 
9&10 7,8.9&1O

T77- 111-50 • ‘C ~~C .350’ .201 .278 .270 ± .009 .294

T 50- 222 - 33  .224’ .273 .283 — — —  .283 .293

r ,C I - 2 2 1 - - 1 4  . 2 C, 3  .305 .300 .297 .298 + .002 .298

P-111—33 .343’ .296 .312 .304 + .008 .317

T50-111-5o .200w .310 .300 .314 .307 -C- .007 .298

T50—112-40 .326 .333 .333 .330

*Variation greater than ÷ 10 percent from average of teats 9 and 10;
Quest(o~3abIe data point .

Table 12 summarizes all of the 50 Megawatt recession data

points that were obtained . Of fi ft y specimens tested , valid recession data

were obtained on thirty-eigh t specimens and probably on six more. Forty-

eight of the flt v  speciniens were recovered for post-test analysis and eval-

uation. Post-test analysis of individual specimen performance will be dis-

cussed in Section 2. 3.

Conclusions

Based on the ten 50 Megawatt runs at 75 and 100 atmospheres ,

the following conclusions were made:

1. Measured 75 atmosphere , steady-state recession
rates were consistent and repeatable to within or less
than ± 8 percent for all replicate specimens.

2. RotatIn g models gave more symmetrical results and
usually a slightly lower than average steady-state
recession rate.
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‘FABLE 12: ‘MMAH \ OF 50 MEGAWAT T DATA OB’I’AJNED

N) )Z Z I i-: 1013SF 091111~ TOTAL

STAGNAT iON i ’ffl- :ssuIlE (AT~I)  75 100

NO. OF H EA TE1~ Ilt’NS 6 4 10

NO. 01-’ MODEl S TESTEI) 30 20 50

S P L ( ’ I C I E N S  R E C O V E R E D  2~ 20 48

AX IJ \1 ,  1~~ lV E 1)11) NOT CONTROL 2 0 2

STRU T l ) l-aJ v i- :  INTO NOZZLE 
-

~ 0 10~ 10

\ A I 1 T D  EECESSION DA TA OB T-\ INED 28 10 38

*Som~ results from these runs may still be valid because the parallel
flow nozzle was used. Data analysis indicates that six of these data
points from runs 7 and 8 may be valid.

3. Measured 100 atmosphere, steady-state recession rates
~ ~‘ry i’upeatable to within ‘~ 3 percent for the Iwo runs
~s h ich had correct operation of the model positioner .
ThL- data from the first two 100 atmosphere runs
~‘xhib ited excessive scatter due to a malfunct ion of
the sting posit ioner.

4. Steady-state ablation rates measured in the flared nozzle
~\ ere lower than In the parallel flow nozzle used for the
Phase I tests (after correcting for pressure and model
- iZ e  Jifferences~. This effect was caused by flow~~e1d

differences between the two nozzles.

5. All  specimens maintained approximately their initial
shape during ablation (except when the model posit ioner
failed to operate correctly) . Thi s is indicative of steady-
state , turbulent flow. Hig h-quality , turbulent recession
data were obtained on relatively small diameter specimen s
( Cf carbon-carbon .

I’ 0 . The seven best-performing carbon-carbons were as
foll ows (listed in order of increas ing avera ge recess ion
rate):
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—I’,

P , = 75 ATM P = lou ATM‘12 
___________

T S0 — 1 11 —50  T75—I l i—So
‘I’ 7 5— 1l 1—50 T50-222—33
1’50-22 1-- 14 T5(J—22 1-44
TSO —2 2 2— 33 P —i l  1—33
T 50—1 i1—55 T50— 111—50
T 50— 112- -t0 ‘I’Su-112—40
P—1 11—33

These are the seven materials that were recommended for further

evaluation at the h i P  Iii ~ h pressure ablation test faci l i ty  and for strength

characterization te sts .

2.2.2 R IP Tes ts

1-Ugh l)rL’ss~ re ablat ion tests of seven different carbon—carbons

were performed in the McDonne ll -Douglas Research Laboratories (MDRL)

High Impact Pressure ( Ih IP ~ Arc- -J et Facility in St. Louis , Missouri . Seven

of the fourteen materials tested in the 50 Megawatt series were selected for

high pressure tests at 168 atmospheres.

Ablation ‘Fest Specimens —

The selection of m ater ials tested in the FlIP facility Is shown in

T able 13. Cutting plans were prepared for each billet that provided maximum

utilization of material . The indicated number of specimens were machined by

PDA to the configuration shown in Figure 13.

Test Facility

The ablation tests were performed at the MDR L h I P  arc—jet  facility

in St. l out s , Missouri , at a no m inal model stagnation pressure of 168 atmo-

spheres. The Mach 1. 7 , 0. 15-inch exi t diameter nozzle was used.

-.53—
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TABLE 13: AMMHC CAR BON-CARBON MATERIALS
TESTED IN HIP FACILITY

M A T E I U A L FI1)FH 0 I T O  q 1.1:  i - i - : - r  1311 LET NUMISEn OF
IJF ~~i GNATmoN t1t  TYPE ( O N I - i ( ; t I ) . \  I T O N  -‘ l ’A ( ING N~~M I t E J )  IJENSITY SPE C aI ENS

\ L ) N ~ ~~~ I-~) ) ) ;M ~ 1 C)

ThIC - 1 I 1 — 5 0  TOO 1 , 1 , 1 . 020 503 1 . 9 1  3

T73-111-50 T75 1 , 1 , 1 . 1 2 )  7H 1 , 24 2 + 1 Spare

P - 1 1 1 - 33 m Crrc n 1 , 1 , 1 . 5:C 0 $~~2 1 .90  3

T 3 0 - 1 I 1 - 5 5  TOO 1 , 1 . 1 . O M  ~( l~ 1.94 2

T5 0- 112-40 T50 1, 1, 2 . 023 934 1.90 3

T50-222-33 TOO 2 , 2 , 2 . 03 1) ~~~0 1. 91 2

3 3 0 — 2 2 1 - 14  330 2 , 1 - 022 ~ 31 1, 92 3

(1) Yarn Type - Weave Configuration (Yarns/Site in X, Y, Z Directions -
Z-Yarn Sites Per Inch)

(~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i~~~~~~

.300 fli~ -~~~~~~ ~~~~ — ~~~~~~~~~~~~~~~~~~ __±,
,

L~~J~~ii1 — — . 1QO Spherical Radius

j /  ~~~~— .00O 1~ Max

30
0 

~~~~~~
- . O0~ /, 005 ft Max

1. 35 _
I .893

Ma.-c I
I -. 

-

_ _ _ _ _ _ _ _ _

/ ~~~~~~~ .nio
I - - 000

- / _ _

~ ~~~

__  • 9 ,  
. 002 JI l t

0 - -

J~t~f . ________________

I 5K41740
_ , jNo’ru;

1. ~~‘ ‘ - t c.- FInl~ h ~~ H ’-t t l ’r

FIgure 13: HIP  Ablation Specimen Configuration
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‘l est Method

The seven sting positions for each of three arc—jet runs were

occupied by six aI)latiOn models andone h-UP—supplied calorimeter. The

mock-is were inserted into the jet stream at a fixed position from the nozzle
ex it p lane. As recession occurred , the models were driven forward by a

laser—controlled servo compensato r to maintain the model stagnation point in

the constant pressure test region. The models were removed from the test

position after two—tenth s inch of total compensator travel (or approximately

0.2 inch of model recession) .

Three heater runs were performed by MDR L operating personnel.

Each run included six carbon—carbon models and one facility—supplied calori—
meter . Table 14 shows the assignment of models for each run. The data

obtained from each specimen test included recession history and recession

profiles from f i lm data , model compensato r data , and surface temperature.

The results of all three heater runs are summarized also in Table
1 1. This table gives the total measured recession , the average recession

and the steady—state turbulent recession rate obtained by analysis of the

high—speed film data. The detailed stagnation point recession histories and

shape profiles observed from the films of each specimen tested were given
in Reference 9.

Discussion of Results

In Table 15 the materials are listed in the order of increasing

average steady—state turbulent recession rate. The average steady—state

ablation rate varied from 0.374 inch per second for T50—222—33 to 0. 423 inch

—55—
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per second for T50 -11 2—40 .  The repeatability of sample results varied from

less than .00 1 in ch per second to 0.05 inch per second for the T50-112-40

A cons’  ~-a t ivc  estimate of repeatability from 0. 03 to 0.05 inch per second was

was made for those materials that were tested on all three runs. This would

indicate a “confidence ” or repeatability factor of about + 10 percent for eac h

data point . Nevertheless , the data of Table 15 do indicate a definite trend of

increasing ablation.

TABLE 13: AVERAGE RECESSION RATES OF AIM-HIP MATERIALS
(Ranked in Order of Increasing Recession)

STEA DY- STATE , STRD ULE N T RECESSION RA TE (IN ‘SEC )
MATERLM.

11—1019 R- 1020 R- 102 1 Average 
Mj x j z n u n ,

____________ ____________ 
\ “ r t ; l t J nn -

T50-222-33 .374 - -—  .374 .374 < . 001

T5 O-221-44 .407 .360 .383 .383 .024

T 7 5 - 1 1 1 - 5 0  ——— .392 .386 .389 . 003

T 5O — I 1 1 - 5 5  .28 1  . 400 — - — .400

T5 0 - 1 1 1 — 3 0  .398  . 406 — — -  .402 .004

P — i i O - 3 3  .393  .435  .414 .411 . 028

T O O- 112 - 4 0  . 375  . 154 . 440 .423 .048

Not Used In Average Due to E.~eesslve Asym metry

The film data were then analyzed to determine if mechanical loss

of material occurred. Evidenc e of surface material loss at the shoulder was

found for all specimens. Although mechanical loss may have been caused by

dust ing, in only one case (112 carbon—carbon) may such losses have biased the

results . From a visual analysis of the films , approximately eighty percent of

the mass loss occurred at the shoulder (a region of high aerodynamic shear
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stress). In the region near the stagnation point , mass loss was almost entirely

clue to thermochemical ablation. The materials which developed rougher surfaces

experienced more mechanical rem ovals , and the coarser matrices developed

rougher surfaces. From visual analysis of the film data, the relative mass

loss clue to mechanical means was estimated as follows:

Material Fraction of Mass Loss Due
to Mechanical Removal

T 5— 11 1—50 ~
T30— 1l1— 55 ~ ~~~~~
T 50— 111--50 ~

T 30 —22 1—4 4
1’50— 112—40 ç
T50—222—33 ~ —~ 20~’
P—11 1—33 ç - (

Th is type of mechanical mass loss may also have been present in the 50 Mega-

watt tests , but may not have been observed due to lower resolution of surface

detail on the 50 Megawatt films.

The following conclusions were made from the results of the HIP

tests:

1. The 222 and 221 materials experienced the lowest average

ablation rates. A discussion of the correlation with uni t

cell volume and additional post-test analyses are given in

the following section (2. 3).

2. All of the materials tested had comparable ablation rates

to within ± 6. 5 percent of the mean. Although some

mechanical losses occurred near the shoulders of all

materials, no massive structural failure occurred.

3. Steady—state turbulent recession rat e could be measured

at 168 atmospheres stagnation pressure with a repeatability

of 10 percent or less.
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2 .3 Post-Test Analy sis C C f Arc - - i ’t Hi -sul ts

The ch ara cte r i s t i c s  of the A I M  11 carbon—carbon materials were

described in Si’cti C I )  2 . 1 and the a rc-j e t  ablation data were presented In

Section 2 . 2 . In th is  section , an attempt is made to c’ rrc late the data and

present it in a manner useful for evaluation of the materials , and to provide

a basis for selection of materials for fur ther  testing .

2.3. 1 Mechanical  Erosion Effects

Analy sis  of the high resolution f i lms of the HIP tests suggested

that. mechanical removal was contributing to the mass loss mechanisms at

higher pressures. A short investigation was performed to ascertain if there

were measurable differences in relative mechanical mass loss rates between

materials. To determine this , the average steady-state ablation rate in each

facility was normalized to the ablation rate of the reference material , FM!

221 , at each condition . It was necessary to use a reference material for the

comparison because of the differences In facility enthalpy and model confi g-

uration that were present In the three series. The relative ablation rates of

the seven materials tested at all conditions are shown as a function of model

stagnation pressure in both tabular and graphical form in Figure 14. This

figure shows that  the T50—222—33 ablated slightly less relative to T50—22 1- -1 1

at the higher pressures , but the remaining materials ablated about the same

or slightly more than T50-221-44. Since the variation of ablation rate between

materials was of the same magnitude as the specimen-to—specimen variation

in both facilities , no firm conclusion on relative mechanical erosion effects

could be made without evaluating a statistically larger group of tests. it was

therefore concluded that  relative mechanical erosion effects at high pressure

were less than the variability of individual specimen ablation rates.
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RELATI VE ABLATION RATE 
~~221 — 1.0)

MATERIA L SYM 75 ATM 100 AT M 168 ATM

150 -222—33 ~ 1. 0 .95 .98
T~5—1l1—5O A 1.0 .91 1.02
150-221-44 • 1. 0 1.0 1.0
P-l 1I-33 Q 1. 0 1.0 1.05
750-111— 55 £ 1.0 —— 1.02
T50—IIP-50 o .95 1.0€ 1.10
750— 112-40 • 1.0

_— 
1.11 1.10

1.5

DATA UNCERTAINTY BAND
(SPECIMEN

11.0 ~
__::;

~.tE:.H~L~~r
0.5

I I I

40 80 120 160 200
STAGNATION PRESSURE (ATM )

Figure 14: Relative Ablation Rate Versu s Pressure

2.3 .  2 Unit  Cell \‘olume and Roughness Effects

The materials examined in this program provided an opportunity to

evaluate the effect of weave spacing on ablation performance with the remaining

processing parameters held constant. The test matrix for the initial series in

the AFFDL 50 Megawatt facility at the 75 atmosphere test condition was estab-

lished to provide comparative turbulent recession data on the entire range of

weave spacings and yarn types. In anticipation that the the finer weave materials

would provide improved ablation performance , more tests were scheduled for

them than for the coarser-weave materials.
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The unit cell volume , V = S 2 S , provides a convenient means of

quantitatively defining the coarseness of the weave spacing and was chosen as a

parameter for comparison of the materials recession performances. Projec-

tions of the unit cells of the fourteen materials in the X-Z planes are shown

schematically in Figure 15 for reference. As shown In the figure, the materials

cover a very broad range of unit cell sizes.

500

881’ 
X 8832

I~~~~~ 
~

40.0 - I

30.0
C.,z 4
‘? 5.0
a

> 226

4 .0 224 UI

3.0 - 223~~~ J

2fl
~~~~ fl2~~~~~

2.0 221

112

1.0 . 111

I I I

THORNEI. THORNEL IHORNEL PITCH
50 75 400

Figure 15: Unit Cell Comparison of A~M II Materials
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Steady-state , turbulent recession rate data from the three ablation

test series arc plotted in Figures 16, 17, and 18 versus the unit cell volumes
of the materials. The 75 atmosphere , 50 Megawatt data suggest a possible
t rend of Increasing recession rate with unit cell volume. The materials se-
lected for test at the other two conditions did not span a large enough band of
unit cell volumes to establish the effect on recession rate.

0 2 ~

0 7 2  -
£ 

a
SU 

£5

~~ 0 2l7 - 
—

• S • C

g 4 .
• . 0
. S

• THO~ NRL 500.14 -

0 THOPNRL 75
0 

* TC4o~N (L 4~~~
O PITCH

0. 12 -

0 . I 1 .0 .
~ 

10.0
10 IN3

Figure 16: Steady-State Recession Rate - 50 Megawatt/75 ATM

In order to investigate the effect of unit cell volume on steady-state
recession rate , the average data for the Thornel 50 materials tested at 75
atmospheres In the 50 Megawatt are plotted in FIgure 19. There appear s to be
a threshold value unit of cell volume above which the recession rate may
increase about 20 percent. To ascertain if this increase in consistent with
surface roughness effects on turbulent recession rate, a thermochemical

— 62—
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Figure 17: Steady-State Recession Rate Data - 50 Megawatt/100 ATM
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FIgure 18: Steady-State Recession Rate Data - HIP/ 168 ATM
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ablation anal y sis ot carbon-carbon was made with variable maximum rou gh —

ness heights for 50 Megawatt freestream flow conditions. Figure 20 shows

the variation of steady-state recession rate with maximum roughness height

predicted for this model configuration (0 .72 1-inch diameter) at 75 atmo-

spheres stagnation pressure. The initial or intrinsic surface roughness of the

material was assumed to be high enough to produce turbulent flow at this

pressure. This figure show s that all the carbon—carbons tested in this program

program behaved as if the effective maximum roughness was gTeater than

0. 009 i nch.

0.2’ -

- - -

- 

K 5 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

//

~~

.0 0 . U  -

.0 0. 1) C a T
V~~~, Ir. 5 IN3

Figure 19: Recession Rate Summary of Thornel 50
Materials - 50 Megawatt/75 AT T~I
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Figur e 20: Recession Rate  \ e r - u ~ U I U L ~!I l i S~ Height for Carbon—Carbon

Based on this evidence , analytical predictions were made of the

recession and shape change profiles for carbon-carbon 50 Megawatt speci-

mens with ma,dmum roughness heights of 0.010 and 0.015 inch , respectively.

The freestream conditions of the arc-jet used for this analysis were as

follows:
Pressure: 243 psi
Temperature : 9 , 900°R
Velocity: 9 , 065 f ps (Mach 1. -’-4 )

The recession histories and shape profiles predicted for these

fl ow conditions are compared with the results of two of the actual tests in

FIgures 21 and 22 for T 50— 1l1-55 and T50-112-30 , respectively . Very good

agreement was observed between the predicted and measured recession using

maximum roughness heights of 0. 010 inch for the T50-111-55 and 0. 015 inch
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Figure 21: Ablat ion Summary for T50—111—55
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for the T 50—11 2 — 10. This suggested that there should exist a mean ingful

correlation between roug hness height and turbulent ablation rate. It was then

assumed th at  the maximum roughness height , hmax~ 
developed during turbulent

ablation is proportional to the uni t cell volume 7 V~~. The proportionality

factor, K , was selected such that the analytical prediction of recession rate

yielded a best fit to the 50 Megawatt data. The result, shown in Figure 19 for

maximum roughness heights  given by hmax = K V~c~ correlated well with the

data. The sensitivity of the result to the proportionality factor between max-

imum roughness heig ht and uni t cell volume is also shown in the figure.

Two of the specimens tested at the 50 Megawatt 75 atmosphere

condition were fur ther  tested for surface roughness characteristics. The sur-

face contours were measured with a profilometer having a 0. 0001—inch sty lus.

Each iiiodel was character ized along four rays of the ablated surface. Typical

contour plots are shown in Figures 23 and 24 for the T50-111-55 and the

T50- 112-40 materials , respectively . The plots are distorted in the direction

normal to the surface by a factor of ten. The weave configurations of the two

materials are sketched in the figures to show the surface roughness in perspec-

t tive with the weave. Although the character of the roughness on the T50-111-50

surface is more pronounced than the T50- 112—40 material , the standard devia-

tion of the surface contours relative to the mean surface is only about 30 per-

cent greater. ~)L) Ic r means of quantifying the surface roughness, such as RMS

peak-to-valley measurements, may provide a better distinction between

materials.

2.4 Strength Tests

Nin eteen specimens of six of the AIM H materials were strength—

tested by Southern Research Institute. The six materials selected for tensile

testing were those exhibiting the best recession rate behavior in the AFFDL

-
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• SPECIMEN 3-2
• T5 0—11I—55

• 75 ATMI~OMW

INCH

I

-
i .031 ~~~~~~~~ - -  -~ 

~—

-

-
I L

~~~~~~~~~~~~~~~~~~~~

STANDARD DEVIATION OF SURFACE

CONTOUR — .0031 IN. (AV E OF 4 RAYS)

0.36

Figure 23: Post-test Surface Contour Plot , T50-111-55

• SPECIMEN 6-S
• 150-112-40

• 75 ATM~~0 MW

INCH

~~~~~~~~~~~~~~ 
.: ~

STAN DAID DEViATION OP . - -
-

SU~~ACE CON T OUI — .O~~4 IN , ~~~ 044 EAYS) p—.2 _~

______________________ — 0.36

Figure 24: Post-test Surface Contour Plot , T50-112-40
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50 \legawatt ablation tests. The mate rials and a summary of results are

given in Table 16. All test specimens were oriented in the Z—direetion and

the tests were conducted at room temperature. The measured tensile

strengths , Tt , initial elastic moduli , Et, and the strains at failure , STF , are

given in Table 16. The measured tensile strength of the materials are plotted

versus the previously—predicted values (Section 2. 1) in Figure 25. The

strengths of the Thornel 50 and Thornel 75 composites are about 25 percent

greater than i) :~edic’ted. The pitch—yarn composite developed much better

strength than expected.

4 ..

0 /

/
/

Ci’ , /
/

0•

I 

•/
T l-IORNtI. 50 /

3, DATA TN ND

/
/

/
• [I~~ç) p9.~ {~~ 50

/ 0 THORNEL 75
0 PITCH

5 

//
/

,p.I , l~) .11/

(~~ I) PR[DICCN) ICT

Figure 25: Measured Versus Predicted Strength Comparison
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.\ measure of the in-situ effective strength of the graphite filaments

can be gained by comparing the strength of the unprocessed (off-the—spool)

f i laments , o-., to the effective strength of the filaments in—si tu , ot /Vf . Thisf z
ratio is tabulated in Table 16 for the six AL\ 1 II materials tested and ranges

from 54 percent to 62 percent for the Thornel 50 and Thornel 75 materials.

This is slightly higher than the ratio determined for GE 223 carbon-carbon

(discussed in Section 2. l j ,  and is indicative of good fi lament-matrix bonding.

The pitch-yarn composite presents a large departure from typical filament

strength ratios w ith  a value between -~6 percent and 115 percent depending

upon the value used for the unprocessed filament strength . This represents

a large apparent improvement in carbon-carbon structure that is probably

derived from improv ed matrix—filament bonding, and possibly better in—situ

filament alighment with less filament damage during weaving. It is also

possible that the matrix develops a unique crystalline structure at the filament

interf ~ice in such a way as to contribute sign ificantly to the composite strength .

The initial elastic moduli, Efi of the unprocessed filaments were

compared to the effective moduli of the filaments in-situ , Ef I ’V f , which

ignores the contribution of the matrix and transverse filaments ~o composite

stiffness. This ratio , given in Table 16, shows that the composite moduli are

in all cases larger than the contribution from the f i lament s  alone. This indi-

cates that the mat r ix  has a large contribution to the composite stiffnesses or

that , possibly the modulus of the filaments increases during processing. The

latter phenomenon may be related to additional graphitizat ion of the filaments

during processing or to matrix filling of filament porosity .

The axial (Z-direction ) tensile strengths and moduli of the six

materials are plotted in Figures 26 and 27 versus the theoretical filament con-

tributions to strength and modulus (O çVf and E çV ç , respectively). The slopes
IA l i

~~of lines throug h the data give the filament utilization factors discussed above.
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2 .5 Additional Tests

2. 5. 1 Sin gle 1~ar t ic le  Impact Tests

Six samples of the T50-22 1-44 material were subjected to high

velocity particle impact tests at Science Applications , Inc . (SAT) . The speci—

mens were cut from the AMMHC/AIM materials. Testing was provided by the

United States Air  Force Space and i\l lssile Systems Organization (SAMSO).

Three tests were conducted at room tem perature and three at 4050°F. One-

millimeter glass particles were impacted at nominal velocities of 12, 000 feet

per second in fi~ e tes ts and at 20 , 000 feet per second in one test. The mass

loss and volume loss ratios , G~ and G~,, were determined by SAT using weight

measurements and mercury -fi l l  method . The data are summa rized in Table 17.

The mass and volume loss ratios were normalized to the nominal velocities

assuming a veloeit v-squared relationship. These data are also tabulated in

Table 17 and show good consistency in the test results. Comparison of the

room temperature mass and volume loss ra tios at a nominal velocity of 12 , 000

feet per second to the data point at 20 , 000 feet per second indicates the velocity

dependenc y is better represented by a power of about 1.5. That is, mass or

volume loss rat ios scale with velocity according to

G1 (v 9;’v1) 
I . 5

This is lower than normally assumed for normal-impact on fine—weave

carbon-carbon , hut Is pr obably a consequence of the minimal data available.

2. 5. 2 FMI 221 Characterization of Engineering Properties

One 4 x 4 x 8- -Inch billet (FMI 468B) of the All~-I II T50-22 1-44

material (FM! 221 carbon-carbon) was characterized by Southern Research

Institute (SoRI) under sponsorship of the .-~ir Force Materials Laboratory
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( :~ F’r~11-) . Th e test  matrix Is given In Table 18, indIcating the number of

samples tested si t th e  various t est  conditions.

TA~~ ,I ’~ 1~~ AIM II 221 CHARACTERIZATION MATRD~

TEST O RtEN TATION RT 200’) 3000 3500 4500 5000

TENS I ON X 3 3

Z 3 3

45 ° XY 2

COMPRE SSI ON N 3 3 3

Z 3 3 3

45° XY 2

FLEX Z 3 3

TORSION X Z - Y Z  3 3 3 3

F RA C T U RE  XY 3

TOUGh NESS XZ 3

TEMP . NY 3

STRESS XZ 3

HA RI ) NE’ IS ON-Z (NO MA TERIA L RE QUIRED)
OFF -Z 3

THERMAl. N 2 *-

L X i ’ A N ’ ~tO N Z 2

THERMAL X 2
CONDUCTIVITY z

The characterization tests ol’ FMI 221 were completed by SoR T in

December 1975 (Reference 11). The mechanical pr operties , thermal conduc-

tivity and thermal expansion data are summarized in Tables 19 through 22 and

in Figures 28 and 29. The mechanical properties in tension are unusually

consist~nt with little scatter among replicate specimens. Exceptionally high

tensile strengths were measured in the 450 X-Y directions compared to data

previously measured on GE 223 ( ‘— 10 ksi compared to ~-.-4 ksi) . This result

Is an indication of good filament-to-matrix bonding within the composite .
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TABLE 19: FMI 221 TENSILE TEST SUMMAR Y

TEM I ’L I h ’i TU I I E  S P E C I M E N  STRENG’1’II MODUI ,US TOTA L
(‘ I I oIh1ENTATi(~)N STRAIN

(ksi) 10 psi) 1k)

7~j — — —  13.30

N 24,2 12,25 0.203

25.2 15.47 0.161

24.0 12,30 0,195

Z 23,7 12,34 0. 200

25, 1 12 , 47  0. 206

45° X -Y 9. 6 1.29

10.1 1.30

2000 x 
34, 5 17.78 0 .230

24.2  14.17 0.175

30.0 13 ,9  0. 225

Z 3 1, 7  14.9 0,215

2L 5  14,4 0.185

TABLE 20: FM! 221 COMPRESSION TEST SUMMAR Y

TEMPERATURE SPECIMEN R~ITIAL
( )R11 -N 1 -\ ilU.\ MODULUS

(°F) 
- _____________________ 

(10 6ps1)

14j. 2
X 10.24

12. 50
70

15,05
Z 11.29

- 8 . 75

14. 12
X 19.1~

12 10
3500

1L02
Z 10 21

8 , 59

4 .14

x 4, 69
4. 14

4. 62

5000 Z

4. 62

45° X-Y

_ 7 6—
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Figure 29: FMI 221 Thermal Expansion Summary
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TABLE 21: FI~II 221 TORSION TEST SUMMARY

TE M I I} ’ I tA T UII IS  S I I :C MEN A % - l - I~,sGF:
uh F; ~~f,\ ’Fl i )N C-~l ’I IA I.

Ii II, US
_ _ _ ~~(~F) _______________ 

(I&’psl)

70 X z / Y Z  0. 30i~

2000 0.302

3(100 (I , 473

4500 0. 453

TABLE 22: FMI 221 FLEXUR E TEST SUM MARY

I’L2IP FR. -\ 1’~~R E  51 E CUII1-; N ST I ) E Y G  INYnA L
- 

15)1) 7 7 PIN
I I -10 ’~ piP

I 21 .0 11.42
70 Z 19 .2  10. -’3

2 0 6  1 1 . 55

3000 Z 25 .4  9 .33
29 , 2 10. 58
2 I ~. 5, 10.25

2. 5. 3 FMI 221 Ablation Data Summary

A summar y of all known high pressure ablation data for FM! 221

carbon—carbon from tests at the AFFDL 50 Me gawatt  and from the MDRL HIP

faci l i ty  is given in Table 23. Twenty-six “ramped” and steady—state 50 Mega-

wat t  tests have been performed at pressures from SG to 100 atmospheres. Five

HIP tests have been performed up to 168 atmospheres stagnation pressure.

In addition to the 50 l\Iegawatt and h I P  tests performed as a part of
the AIM program , additional 50 Megawatt ablation tests have been sponsored by

SAMSO and NS\VC for the Series M , REV I~,1A T , ROAST , and MSV screening

programs. The specimens of material  for the Series M and REVMAT tests

were supplied by SAMSO and NSWC , respectively. The ROAST and MSV mate-

rials were supplied by AMMRC and the specimens were prepared by PDA.
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(‘ su i t  I I I )  ‘, h o u k h  he d ’xd ’x’cj sed when a t tempt ing  to correlate these

I Is i  t~ i ‘A it  hi i ndep en (Ie I1t  U s i l ’i  s ib!  -s such as model stagnation pressure . It should

be noted tha t  several  11111( 1 jl~(Iej )Cfld ent variables may influence the ablation

i’ate * SUCh  a s SI )eCil iWfl  I ! i a l l ) I t d’ I ’ , fo i ’e—c ’one  conf igu ra t ion, and the flowfield

emanat ing from the l~~~~t nozzle paral lel or flared). In spi te of these variables ,

howev er , it is clea 1’ that  all data are reasonably consistent .

2~ F’ull- - scale A Br ’1! No set i p Design

Carbon-carbon nosetip design s were configured for an advanced

terminal defense interceptor to provide a basis for the full-scale ground tests

Ib-SCribed in the following section. .-\ t ra jec tory ,  representa t ive  of those eval-

uated in advanced t e r m i n a l  In t e r c e p t o r  sy s t e m s  studies, was used for sizing

the n Isse t ip  overhang to provide sufficient material for recession in clear air

and weather f l igh t s .  The t raj ec tory  was previously identified as 67-D in Ref-

e r e n C e s  1 and 12. The wea the i ’  e n v ir onm e n t  is given in Figure 30. The spa—

cial ch i s t r i h u t io n  of l iquid  water content ( L \ \ C )  is representative of a severe

thunderstorm and \~as used for  the SPRINT H system specification (References

13 and 14) . The maximum LWC is typical  of a Nor th Dakota continuous rain -

storm that  should he exceeded less than 0. 3 percent of the time .

-; The cloud base location relat i~—e to the missile launch site which

yielded the maximum noseti p erosion for the 25-degree launch—angl e t raj ectory

was determined in Referenc e 1. As may he expected , this trajectory pene-

t ra ted  the cloud such th at  the maxim u m v e loc i ty  (at burn—out )  occurred in the

densest region of the cloud. This t rajectory superimposed on the lic iui d water

content di s t r ibut ion is shown in Figure 30. The resulting distribution of liquid

water  content with altitude is given in Figure 31.

Nosetip design requirements were determined for both clear air

and weather missions. The trajectory and weather environment described

above represented severe  design conditions for the noset ip. As discussed In

-80-
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-‘ee l j on 2 . I ; ~~ 2 helo\\ , Ofl el’ I S  i I I n — r e sj s t a n t  subti p ~ is r equ i r ed  in  add i t i on  to the

ca r’! o n — e s l  I - t In p i ’ imarv  t i p  to pr event  ex& ’& ’ss ive nose shape changes in the

‘A c a t t ie r  e n v i ron m e n t .  A 0. 50—inch nose radius and a s ix— d e g r e e  half—con e

angl e \ t ’h i c l e  envelope was selected tor evaluation of the t e rminal  interceptor

v ehic l e .  These dimensions are representative of advanced terminal defense

in te rcep tor  c o n f i g u r a t i o n s  c u r r e n t l y  under  study (Referenc e 15;.

2 . 1; . 1 (‘lear A i r  Design

Rc - ee s s i u n  ari d shape change histories of the nosetip were predicted

u s in g  the PI)A \ o s et ip  H e at i ng  and Recession ( N U J I A R E )  computer program.

Ih is  prI>gl’sun calculates the heating and )I ’ L- ssure d i s t r ibu t ion  about any  arhi—

Ii ’at’v two-dimensional axisvnimetr ic sha p’ nd also calculates ablation and

shape change of the surface.  Internal heating is accounted for by an energy

int egr a l  met  F i nd.  The calculations of local pr essure and heating are coupled to

th e ins tantaneous  shape of the body .

The local heat rate to the surface is calculated for either laminar

or turbulent boundary layer flow based on transition criteria develope d by the

sA~ No :pANT program . After transition to tu rbulent  heating, the local

turbulent heat rate assumed fully-scalloped flow on the fore-cone and aft -

cone where applicable . Aft of this  region, rough-wall turbulent heating was

use l wi th  surfac e roughness allowed to gro\’1 to 0. 020 inch.

The predicted stagnation point recession history based on these

calc ulations is show n in Figure 32. Figure 33 shows the predicted shape pro-

files. For this ablation requirement in clear air , a plug nosctip hav ing  a

1.5-Inch overhang is required. I l owc ve r , as shown in Figure 34 , the m o me n t

of inertia of the plug nosctlp shank can he increased significantly by increasing

the overhang length. This effect is a result of the larger shank diameters that

cao he designed In the available envelope. The figure shows that for the 
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range of sidewall heatshield thicknesses considered , the moment of inertia of

th e plug shank (proportional to the fourth power of the shank diameter)  can be

nearly doubled b’: increasing the overhang length to 2.  0 inches. This greatly

improves the bending strength of the nosetip with little penalty on material

billet Size requirements. Consequently , for a clear air mission , a carbon-

carbon plug nosetip configuration with a 2 . 0-inch overhang, a 0. 5-inc h nose

rad ius and a six-degree half-cone angle is representative of design require-

ments for advanced termina l interceptor missiles. This  configuration form ed

the basis for the design of single-material nosetip models for full-scale ground

t e s t i n g  as d iscussed  in Section 2 . 7.

C)

Cr)

z

/

4 ’ 
- -

~~~~~~~~~ I 2 U
AL 1 1  TU 1~ I K !  L ~if L E T )

Figure 32: Nosetip Stagnation Potht Re cess ion h i s tory — Clear Air

-~3-

L — ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
--- - - - -—

~~~~~~~~~~~~~~~~~ 

- - . - -
~~~~~~~~

-
~~~~~~

- - --



TIME ALTITUDE
(SEC) (N FT)

0. 000 0.60
1.800 7.50
2.400 11.43
3. 000 15. 20
3.600 17.72
- 1. 200 20.00

1-i l  \ \~\ \~ 
\ ~~~~

I
Cl- - -)
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- t U C  2 ’
~~ U 3’ 

~~C 4 .0 0

flx ! PL  D f 5 i P N C .~ I

Figure 33: Nosetip Ablation Profiles — Clear Air
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Figure 3-I t Effect of Nosetip Overhang on Shank Moment of Inerti a

2. i ; . 2 Erosion—Resistant Design

In high velocity flights through clouds having relatively high liquid

water content , the total recession of an all carbon—carbon nosetip can be

excessive. To minimize the total nosetip rec ession in weather , an erosion-

resistant subtip material such as tungsten is required In addition to the carbon—

carbon primary nosetip. With this concept , a carbon-carbon shell is designed

for survival in clear air , but is hacked up by a tungsten plug subtip whic h

provides erosion resistance for flights through weather ~Reference 1).

The clear-air ablation history of a carbon-carbon nosetip was

calculated in the previous section. The PDA NOHAR E code was used also to

—85— 
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predict the response ,i f t he  carbon-carbon nosetip to a trajectory through the

di s ign  weather  environment shown above in Figure 30. The stagnation point

I ’ c’(’esSiOfl his tory is slmwn in Figure 35 as a function of altitude. The analysis

was not run to completion of the trajectory since it is required only to define

t he altitude at which the tungsten subtip is exposed. Also shown in Figure 35

is the stagnation point recession history for fligh t in clear air. The plot shows

that  a carbon-carbon nosetip designed for clear air survival will erode through

and expose the tungsten subtip at 7500 feet . Thus , the tungsten subti p had to

be designed to survi~e the portion of the  t r a j e c t o r y  from 7500 feet to termina-

tion at 20 , 000 feet.

3.C

2.5 - WEATHER
(FIGURE 30)

2.0 -

z

Z CLEAR AIR
0 1.5 - — DESIGN

I OVERHANG

5 ~~~~~~~~~~~~~~~~: 2 0

ALTITUDE , KFT

Figure 35: Stagnation Point Recession - Carbon-Carbon Primarv Nosetip
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The predicted tungsten subtip recession h i s to ry  is plotted in

1’igurl  36 lor a subtip confi gured to be com patible geometr ical ly wi th  a carbon—

carbon p r imar y  shell nosetip. As the plot shows , a tungsten suhti p overhang

length of a pp rox ima te ly  3. 5 inches is required to survive the design environ-

ment.  This recession would result in vehicle stability changes during fligh t

tha t  may exceed the capabilities of vehicle control systems (Reference 15).

Consequently , th is  specific mission n iav require an actively-cooled , erosion-

resi stant  nosetip. For less severe burn—out  velocity trajectories or more

realistic weather environments , the erosion-resistant design concept provides

a simple m i n i m u m- s h a p e  change nosetip solution. The weather environment

assumed (Figure  30) represents a liquid water content that should he exceeded

less than 0.3 percent of the time. A shorter tungsten subtip having a 1.75-inch

overhang  was selected for full—scale ground testing and represents a design for

the t r aj ec to r y  and weather environment considered here , but terminated at

approximately 13,000 feet. The erosion—resistant conf igurat ion is shown in

Figure 37 with the erosion profiles at shell rcmoval and at trajectory termi—

nation superimposed.

2. 7 Full-Scale Prototype Noset ip Tests

2.7 . 1 Objectives

This section describes the method , model configurat ions  and

results of the ablation and thermo stru ctural  tests of ful l—scale  prototype nose-

tips for advanced interceptor missile concepts. This test program was the

final task of Phase II. The overall objectives of these full-scale development

tests were as follows:

1. Assess the thermochemical and thermomechanical
ablation performance of full-size carbon-carbon nosetip
configurations at high stagnation pressures.

2. Evaluate the thermostructural  response of the candidate
carbon-carbon materials and configurations.

—8 7— 



- ---~~~~~~~~
-
~~
--- -- — - - -

~~~~~~~~~~~
- - ---- -- - - ---- -- — 

~~
- - ----‘---—---—--—--

~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I~ C I G

207

2 7 I)  2)

ui T0C E , KF2

Figure 36: Stagnation P~~nt Recession - Tungsten Subtip

/~ 
TUNGSTE N

j - - CAR~ON-CAR3 ON ;‘ SUB11P

/ PRIMARY NO S E T I P  

/

‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~ SU8~~~ P~~~~~
/ A T T R A J E C T ORY

/ TERMINATION

PRIMARY NOSETIP
PROFILE AT BURN-rHRouG~

Figure 37: Erosion-Resistant Design Concept

— 88—

- -  - ‘---- - -
~~~~~~~~
---- --



3. Eva lua t e  the relat ive development of turbulent shapes
or each mater ia l  during high pressure ablation.

4. Evaluate the ablation and thermostructural performance
I !  an erosion-resistant ABM subtip design .

2 .7 . 2 Test Method

Two model configurations as show n in Figures 38 and 39 , respec-
tively,  were tested. Eac h confi guration was tested twice , using a different

carbon-carbon outer , or primary, tip for each test . Each model was exposed

to a high pressure rocket exhaust at Pad 1-52-C of the Air Force Rocket Pro-

pulsion Laboratory (AFRPL) at Edwards Air Force Base , California. The

h igh pressure exha ust was developed by combusting benzonitrile and liquid

oxygen propellants at an oxygen-to-fuel mixture ratio of 2 . 8. The ma~~mum

model stagnation pressure for each test was approximately 160 atmospheres.

Each model was positioned initially in the exhaust one inc h aft of a 4. 5-inch

diameter nozzle as shown in Figure 40.

Because of high bending loads which would result from model

insertion at full stagnation pressure , it was necessary to insert the models on

the flow centerline during the s ta r t—up of the rocket engine before steady-state

operating pressure was reached. A polyethylene bag was used to protect the

models from the nozzle coolant flow during the s tar t-up transient .

Description of Tests

Two models of a clear air advanced terminal interceptor nosetip
configuration were tested, and two models of a weather-resistant configuration

were tested. Each model had a di fferent carbon-carbon outer tip as discussed
in Section 2. 7.3. Table 24 gives the matrix of concepts and material s  that were

tested.
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The f i r s t  two models were tested to assess ablation and thcrmo-

structural  j x ’rformanc e of the carbon-carbon only .  These tests were termi-

nated prior to comp lete loss of the carbon-carbon , and the remaining material

w as t he r e fore  available for  post—t e st  analyses. These models were exposed to

high pressure for 01115’ two seconds.

The second two models were tested for ablation , thermostructural ,

and removal performance of the carbon-carbon after exposure of the tungsten

subtip. Then the thermostructural  performance of tile tungsten subtip was

tested during a 2-sec ond exposure after removal of the outer carbon-carbon

tip. To maintai n peak stagnation pressure on the subtip after hurnthrough

and removal of the carbon-carbon , the models were moved forward 1. 5 inches

l)V the remotely-operated axial model positioner. Removal of carbon-carbon

was observed on closed circuit television which was monitored in the control

room . \Vhen the removal was observed , the AFR PL test engineer manually

activated the forward motion of the sting. A timed override was also used to

initiate forward motion in the event that removal could not he seen on the

television.

Test Conditions Selection

Table 25 show s the test conditions that  were planned for all models.

Based on the trajectory analyses described in Refere nce 1, the 160 atmosp here

test condition provided a good simulation of the stagnation pressure to be

encountered in an advanced intercept mission. Figure 41 shows a comparison

of the stagnation pressure history for tile RPL Lest  condition and typical

intercept mission. The decay from peak pressure in the RPL test as shown in

Figure 41 was the effect of tip recession in the flowfield while the model

remained in fixed position.
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This test condition required that the model be inserted prior to
the time that steady -state chamber pressure was achieved. Therefore each
model was inserted Into the exhaust after the engine had started and stabilized
at a chamber pressure less than 600 psi. After the model reached centerline,
the engine pressure was increased rapidly to its 3000 psig steady-state
operating condition . The rise time to steady-state conditions was about one
second as shown in Figure 41. Note that this start transient also provided an
excellent simulation of the pressure history during the boost phase of the
typical intercept iYIISS ~ Ofl. Total exposure time of the model was measured
from the time the model entered the exhaust (2. 5 inches prior to reaching
center line) .

Flowfield Calibration

Because of the installat ion of a new nozzle configuration at RPL ,
new calibrations of the flowflel d were required . AFR PL conducted a series
of heat flux and pressure calibrations using oxygen-free copper (OFHC)
models with nose radii from 0. 5 to 2. 0 inches. All calibration models had
cone half-angles of 7 degrees. Heat flux and pressure distribution data were
obtained for at least seven inches downstream of the stagnation point using
the same nozzle that was used for the nosetip tests. Although a series of six
calibration tests were planned by AFR PL , various operating and scheduling
problems were encountered that delayed the com pletion of the calibration
series. Table 26 lists the calibration tests that were completed during the
AIM program entry.
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TABLE 2h : CALIBRATION TESTS PER FOR MED IN THE
IUGH PR ESSUR E NOZZLE

f l ] )j~ TYPE OF NO. OF \O~ J RESlJ LTS,’BE 1~1AflKS
TEST ~ O. CA L I B R A T I O N  Sf ~NSOR S I~ \DIUS

203 Pressure 4 0. T i  Teflon gl ove removed
Dist r ibut ion prematurely;  q data 3. 0

Inches from nozzle exit

204 Heat  Flux 10 2 . 0 Data Obtai ned
Di rt r i bu tio n

210 Pressure 4 0.75 Teflon glove removed :~t
Distr ihuti u Axial Station 1.5 inches

from noz~ie exi t

2 .7 .3 Description of Model s

Three materials were selected for testing from the fourteen

different carbon-carbon materials that were evaluated in this program . The

T50-221-44 material was selected as the baseline material because of the

relatively complete engineering data package that was available and because

several fligh t tests of the material were planned. A fine-weave T50-112-40

material was also selected for full-scale evaluation because thi s material

had exhibi ted excellen t strengt h and ablation characteristics in the 50 Me~a-

wa tt and HIP screening tests. Plug confi guration tests were planned for these

two materials.

An additional fine-weave material (T50-1ll-55) was selected for

testing in a shell configuration with an erosion—resistant subtip. Thi s material

provided the maximum number of unit cells across the shell wall thickness.

A shell confi guration model of the baseline material , T50-221-44 , also was

tested for comparison .
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The tests, as planned , provided an evaluation of the thermostructural and

ablation responses of the baseline T~0-221-44 material in both plug and shell

configurations , and comparisons of two other candidate materials to the base-

line material.

Ma terials processed fr om Thorne l 75 yarns were not considered

for RPL testing because the yarn was currentl y out of production , and conse-

• quently, not a candidate for development of advanced interceptor nosetips.
• None of the fine-weave Thornel 400 materials exhibited ablation rates as low

as those of the fine-weave Thorne l 50 materials In AFFDL 50 Megawatt tests

at the 75 atmosphere condition , and therefore , the former were not selected

for full-scale testing either.

Carbon-Carbon Plug Model Design

The carbon-carbon plug design ( Figure 38) was sized for clear—

air ablation based on the advanced terminal interceptor trajectory described in

Section 2. 6. Recession calculations for this traj ectory showed that a 1.. 5-inch
plug overhang was required. Plug bending loads were carried through the

shank to the substructure sleeve. The plug was assembled to a steel wand and

all four thermocouples were placed on the carbon-carbon plug backface and led

through the wand whic h also contained the thermocouple extension wire splices.
This nosetip/ instrumentation subassembly was then slipped into the primary

structure and heatshield assembly and retained by a large nut. A key was
provided to prevent rotation of the nosetip. All axial loads on the nosetip were

transferred through a shoulder on the wand to the steel structure.

Each model was bolted to a steel adapter insulated with tape-

wrapped silica phenolic. The adapte r was a 5. 9-inch long, 15-degree cone

frustum common to both nosetip configurations. The base of the adapter

bolted to the movable insertion mechanism (sting) of the R PL stand .

—97 —

~~~~~~~~~~~~~~~~~~ T~~~~~~~ •• -~~~:



Figures 42 and 43 show the two plug models mounted on the RPL sting prior

to testi ng.

ERN Concept Model Design

The ca rbon-carbon shell model (Figure 39) was configured for clear-

air survival on the advanced terminal Interceptor trajectory and adapted to a

tu ngsten subtip to provide survivability in weathe r or dust environments. The -j

tungste n subtip was configured to minimize nose shape change during carbon-

carbon shell removal in weather. The maximum diameter was selected to

provide adequate erosion shie lding of the structural attachment. The shell was

retained by bonding in the aft region where a step in the carbon-carbon pro-

vided a longe r bond-line in shear; and the tungsten subtip was retained by a

threaded tantalum , 10 percent tungsten alloy sleeve shrink-fitted to the shank.

The tungsten subtip shank and the internal diameter of the tantalum sleeve were

dimensional for a 0. 1 to 0. 5 mu interference fit. This assembly required

heating the tantalu m sleeve to at least 350°F. The completed assembly pro-

vided retention strength for axial loads of about 1000 pounds in the forward

direction for the nominal inter ference. Thus the stress concentrations in the

brittle tungsten which would result from threading the subtip itself were

completely eliminated by this attachment design .

The subtip was forged from a 1. 00-inch diameter , two-percent

thoriated tungsten swaged bar purchased from Schwarzkopf Development Cor-

poration to a certified chemical composition . The bar was upset-forged to

1. 250-inch diameter to impr ove the transverse tensile strength associated with

tungsten extrusions or swagings. Fabrication of the subtip subassembly was

performed by Northwest Industrie s of Albany , Oregon.

Figure 44 shows the components of the ERN model before assembly.

Figure 45 shows the fully assembled T50-111--55 shell model mounted on the RPL

sting adapter. Figure 46 shows the T50-221-44 model mounted in the test facility.
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R PL Sting - Front View
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‘I’he ERN concept nosetips eac h had ten thermocouples. Four

thermocouples were located between the heatshleld and either the tungsten

subtip backface or the tantalum sleeve (See Figure 39).

Calibration Models

Heat flux and pressure calibration models were provided by AFRPL.

The pressure models were of the configuration shown in Figure 47 with a

nose radius of 0. 75 inch. Each pressure model used four Kulite fast-response

type “IS” pressure transducers located as shown in Figure 47. The heat flux

model was instrumented with copper null-point calorimeters at the locations

shown in Figure 48 and had a nose radius of 2. 0 inches.

2 .7 .4  Test Facility Description

The ABRES RPL Reentry Noseti p Test Facility consisted of rocket

engine test stand 1-52-C with a hot gas combustor and a remotely—controlled

model insertion mechanism. The high enthalpy gas generator was a 50, 000-

pound thrust-equivalent liquid rocket engine. Liquid oxygen and benzonitrile

(C 6H ...CN) propellants were burned in the combustor at 3000 psig pressi.~re.

Both the mixture ratio and the chamber pressure were closed-loop controlled

to maintain the desired test environment. The chamber pressure could be

varied during start-up from 500 to 3000 psia according to a predetermined

program .

The insertion mechanism consisted of a rotating, radial arm

mounted on a carriage that could be moved both axially and radially. The test

item was swept in and out of the flowfield at preprogrammed rates. Although

the engine could be started and stopped only with the model holder out of the

stream , these tests were performed with the model in place before high

pressure conditions are achieved. Additional details of the facility capability

and instrumentation are given in R eferences 16 and 17.
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2. 7. Ins t rument at ion  and Data Acquisition

\lodel Instrumentation

Each model had ten chr omel-alumel thermocouples located as

shown in Figures 3~ and 39 , respectively . These thermocouples were used

tur diagnostic measurements of carbon-carbon hackface temperature , the heat-

shield backface temperature , and to detect gas leakage through hondlines or

stru ctu r al failure , should it occur.

Exte rnal instrumentation

E xternal model instrumentation included six recording pyrometers

to measure surface temperature and eight motion picture cameras. High

speed motion picture coverage of eac h test was provided by six color motion

picture cameras focused on the test specimen. The viewing orientation (angle

and elevation ) of each camera was defined as shown in Figure 49. Three

orthogonal views of the test specimen were taken to determine the trajectory

of the outer tip segments during the noseUp removal operation. The camera
speeds were 1000 frames per second and all f—stops were set to observe sur-

face detail in the temperature range of 5000 to 6000°F. Two addi tional

cameras running at 400 fra mes per second were sigh ted on the exhaust plume
to observe rocket performance.

2 .7.6 Results

Four prototype interceptor noseti p models and three calibration

models were tested successfully during April 1976. A discussion of the data
and results of each test is given in the following paragraphs.

Calibration Model Results

Two pressure calibrations and one heat flux calibration were

performed as shown in Table 26. The teflon glove that was to protect each

— 106-
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pressure model during insertion to the desired test station in the exhaust

(1. 0 inc h aft of the nozzle exit) was removed prematurely In each case by

undefined shear forces. On the first pressure model (Test 203), the glove

came off as the model was inserted. The film s Indicated that the copper

started to melt about 40 milliseconds after reaching centerline three inches

aft of the nozzle exit. At this time the two pressure transducers on the

spherical portion of the model indicated that the stagnation pressure at this

location was 123 atmospheres. (The stagnation point transducer malfunc tioned).

One-half second later the copper had melted about two inches such that the

transducer lines at the rear stations were sensing a stagnation pressure of

140 atmospheres. Figure 50 shows these pressure results plotted versus

actual distance from the nozzle exit after correcting for sting motion and model

ablation. The stagnation pressure measurement from Test 210 is shown at

the time the teflon glove was removed (1. 5 inches aft of the nozzle exit).

Also shown in Figu re 50 is the predicted axial stagnation pressure

distribution in the nozzle exhaust as given by Reference 16. 
* There is v e r y

good agreement between the theory and the three data points shown , al though

neither the peak pressure nor the location of the enhancing shock wave have

been defined. Since the test models were positioned at the one-inch axial sta-

tion ini tially , hu t thereafter receded without axial compensation , it was

assumed that the pressure distribution shown in Figure 50 was a correct rep-
**resentation of the pressure environment for the test models.

One heat flux calibration was completed successfully on a model

with a 2 .0-inch nose radius (Fig-ure 48). The heat flux distribution as

* The variation of model stagnation pressure shown in Figure 50 assumed
a constant shock stand-off distance of 0. 3 inch for a 1.0 inch radius sphere.

**Flurther pressure calibra tion s of this nozzle will be performed
and reported by AFRPL later this year.
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measu red by this model is show n in Figure 51. The measured stagnation 
2heat rate was 1M , 00() Btu/ ft -see , and a peak heating rate of 23 , 000 Btu/ft -

sec was measured 20 degrees off the stagnation point. These values of heating

wer e slightly more than twice as high as would be predicted based on the

results of previous calibration tests with the lower pressure nozzles and

smaller models.

Since this was the first attempt at calibration of the high pressure

nozzle , the teflon glove also was removed prematurely . The stagnation point
of the model was located 1. 65 inches from the nozzle when the glove came off .

By the time the surface melted , the model was so far downstream of the nozzle ,

the leading expansion fan (test rhombus) probably intersected the surface

about 35 degrees off the stagnation point , which was upstream of the sonic

point on the m odel. Such a flow characteristic would affect the stagnation

point velocity gradient significantly and may have caused an abnormal heating

distribution on the hemisphere. Because of this anomalous heating distribution

and since the size of the calibration model was not characteristic of the ATM

nosetips , no attempt was made to use this heat flux data for post—test analysis.

It was recommended that additional heat flux calibrations be performed using

smaller models to characterize the environment fully.

Res ults of Nosetip Tests

All four nosetip tests were completed successfully. Both carbon-

carbon plug models survived intact. The carbon-carbon shell models were

removed as intended and both tungsten subtips survived without evidence of

thermostructural failure. Table 27 summarizes the results of each test . The

data given in table include exposure time of the prim arv tip and subtip, steady-

state recession rates as measured from film data , total recession of the

primary tip and subtip, and sidewall recession at the forward jo int between the
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carbon-carbon and the carbon-phenolic heatshleld. Figures 52 through 55
show the chamber pressure history for each test with the times of significant
events noted. A discussion of each test follows:

Test 205 - Plug Model (T50-112-40)

The first plug model was tested for only 2 .2 seconds because of
the uncertainty of predicted carbon-carbon and carbon- phenolic recession rates
at this uncalibrated test condition. * The model ablated symmetrically and the
films showed that a turbulent biconic shape was developed shortly after inser-
tion. The tip ablated just under 0. 5 inches. There was no evidence of thermo-
structural failure of mechanical loss of material . Figure 56 shows a post-test
photograph of the model. Figure 57 is a close-up of the t ip region which shows
the smooth nature of the surface. The post-test shape of the model is shown in
Figure 58. Although the nosetip ablated symmetrically, there was~~~ ne asym-
metric ablation on the forward carbon-phenolic heatshield due to the motion of
the model during entry and exit.

Test 206 - Plug Model (T50-221-44)

The second plug model was tested for 2. 44 seconds. The exposure
time of this model was extended only 0. 2 second because of the asymmetric
nature of the heatshield ablation on the first test . Again , however , the
carbon-carbon ablated symmetrically and smoothly, without thermostructural
or mechanical losses. A smooth biconic shape was developed at a solid angle
of 60 degrees to the axis of the model. (It is significant that this angle was
identical to the angle mea sured from the AFFDL 50 Megawatt tests .) Figure 59
shows the post-test condition of the model. The post-test profile and surface
texture were the same as for the previous model tested , except for a slight
Increase in tip and sidewall recession (See Table 27).
*The pretest analysis indicated that the maximum exposure time for
carbon-carbon should be 3. 0 seconds (Reference 18).
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Test 207. 2 - Shell Model (T50-111—55)

This was the first test of the ERN design concept with the carbon-

carbon shell to be removed during the test. The first attempt to complete this
test (207. 1) was aborted due to a faulty pressure switch. There was no signi-
fican t heating of the model during the aborted test , and the second attempt was

completed without incident. The primary tip survived 4. 9 seconds of exposure
before it was removed by the exhaust gases. The tungsten subtip was exposed
fo r an additi onal 0. 6 second. The film data showed that the carbon-carbon

ablated symmetrically in a biconic shape for 4. 8 seconds after the insertion
until about 1.3 inches of recession had occurred at the recession point. * At
this tim e a thin layer of carbon-carbon on the cone sidewall corresponding to a

few layers of fibers was stripped off. Thi s phenomenon probably was related
to Initi al burn-through of the carbon-carbon shell near the tangent point of the

subtip’s sphere—cone configuration. About 0. 15 second later , the shell removal

was completed . Removal of the remaining shell material was accomplished in

less than 0.002 second (two camera frames). The tungsten ablated smoothly
also with a slight asymmetry visible on the side that left the exhaust last.

The model started to move forward 0. 8 second before shell removal. -:

This occurred because the actual carbon-carbon recession rate was
lower than initial predictions.
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Post-test  inspection ol the tungsten showed no evidence of cracking. Figure 60

shows a post-test photograph of the nx del. The post-test profile of the model

is shown In Figure 61.

Test 208 - Shell Model (T50-221-44)

The second test of the shell model was similarly successful with

nea rly identical results. The carbon-carbon was exposed for 5. 2 seconds

before complete removal occurred. At 5. 0 seconds a few layers of fiber were

strippe d off the sidewall similar to test 207. Complete removal occurred in

less than 0. 002 second (2 camera frames). The tip recess!on at this time

was 1. 2 inches. Figures 62 and 63 show the post-test condition of the subtip

model.

The 221 carbon-carbon shell apparently survived longef becuase

its recession rate was lower during this test. Becau se of this , the tungsten

exposure time was slightly less than for the third test. The post-test profile

of this model was nearly Identical to that for the third test.

- 

- 
2. 7. 7 Post—test Analysis

Analysis of the results Included the measurement of recession

histories and profiles for each model and a comparison with the recession

predicted by thermochemical theory for the RPL rocket exhaust.

Recession Rate Measurements

Figures 64 through 67 show the recession histories and shape pro-

files of the tip for each test as measured from the film data. Table 28 shows

the analysis of the digital data ~ om which exposure times were determined

for each test . These ti-meg are quoted in seconds measured from the signal.
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The steady-state ablation rates obtained from Figures 64 through
( 7  are summarized in Table 29. This table show s that the measured instan-
taneous recession rates varied from 0. 21 to 0. 28 inch per second for the four
carbon-ca rbon tips without any discernible trend among the three weaves.
The mean of all the carbon-carbon recession rate measurements was just under
0. 25 inch per second. The estimated accuracy of this measurement techni que
using film data was 4- 10 to 15 percent. Since the variation of recession rate
between materials was of the same order as the measurement accuracy, it

was concluded that there was no significant effect of the weave spacing of

these three materials on ablation rate at these pressures. Thus , all three of

the materials performed excellently in high pressure ablation.

Comparison with Theo!y

The recession histories of all four tests are shown in Figure 68

together with the recession predicted by the PDA NOHARE computer code

based on the actual test conditions. The flow conditions in the RPL facility were

calculated using the PDA NOHARE computer code with the NONA IB option de-

scrib ed in Reference 19. The NONAIB option utilized complete freestream

rocket exhaust thermophysical properties obtained from the One-Dimensional

I~
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TABL E 28: AIM/R PL DATA ANA LYSIS

__________________________ — FACILITY EV E NT TThIE (SEt’)

TFSF NO. 205 206 207.2 208

MODEL 112 PLUG 221 PLUG 111 SHELL 221 SHELL

Model Le pers . et  (T1) 6.507 6.307 6.323 6.325
Model .~Larts l’orward 6.391 6.381 6.44 3 6.44 5
Mod~I on 6.454 6.414 6.543 6. 625

> 600 psi (T2) 6. 587 6.567 6.556 6. 571

Model Full Forward 6.660 6. 660 6. 710 6. 698
> 2800 p~i (1’3) 7.392 7.113 7.175 7.184

2
Model Starts Forward 10.450 11. 370
Model Full Forward 10. 703 11. 430

S~’.ell Cracks 11.11 11.310
Shell Ilenioved CT4) 11. 257 11.534

Model Starts Pack 8.025 8. 251 11.362 11. 610
Starts rown CT5) 5.484 8.517 11.502 11.790

1500 (T~ ) 5.724 8.770 11.841 12.101
Model Leares 8.497 8.704 ~1.968 12. 189
Modcl l.caves J.~t (‘1’s) 8.550 8.744 12. 021 12. 242

Faiicd 7.925 8.105 11. 076

T2 FaIled 
7.905 7.712

Carbon-Carbon Exposure:
Transient (F3 — T~) 1.035 0.806 0. 852 0.S50

Full P~ (F 5 
— T3) 1.092 1.404 4.082 4.350

Exit 
~~~ 

— T 5) 0.066 0.227 _______ _______

Total Carbon-Carbon Exoosur e 2.213 2.437 4.934 5.209

Tun gsten Exposure:
}‘u~l ~~~ 

(T5 — T4) 0.245 0. 256

Exi t (T6 — T5) .— 0.3i39(T~~) 0.311

Total W Exposure ,,
...‘ 0.584 0. 567

TOTA L TEST TIME 2 .243 2.437 5.518 5.776 
—

—12 9— 

- ~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



F— -.- --------.- -, 
. ..----— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—..——-.- - .-.----- - .-._. -- -

TABLE 29: RANGE OF MEASURED RECESSION RATES

TEST MODEL RECESSION RATE (IN/SEC
NO. NO. CARBON-CARBON TUNGSTEN

205 T50— 112—40 0. 24 — 0.26
206 T50-22 1—44 0. 24 — 0. 28
207 T50-l11-55 0. 24 — 0. 25 0.35
208 T50~-22 1—44 0.21 — 0.24 0.33

MEAN 0. 245 + 0. 035 0. 34
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Figure 68: ComparIson uf Predicted and Measured
Recession for all Carbon—Carbon Models
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Equilibrium (ODE) computer program over the full test pressure and temper-

at ure range . The j rog-ram calculated the com plete local flow properties

Including molecular weight , density, entropy , viscosity, gas enthalpy , and

temperature. The analysis assumed an oxidizer-to-fuel mixture rati o of 2. 8

for the liquid oxygen/benzonitrile (C 6H 5CN) propellan t system. Since the new

4. 7-inch diameter nozzle was used for these tests , the Mach number , pressure

and total enthalpv for the new propellant system were assumed distribution

calculation s (See Table 25).

The pressure distribution predicted for the initial primary tip

configuration , a 0. 50-inch nose radius , six-degree cone , is shown in Figure

69. The subtip pressure distribution for 0. 313-inch nose radius , 14-degree

cone appears in Figure 70.

The heat flux distributions for the test models are shown in

Figures 71 and 72 for primary tip and subtip configurations, respectively.

These heat flux distributions assumed a boundary layer transition at

a Reynolds number based on momentum layer thickness of 21.3 (the so-called

‘ PANT’~ criterion) . Thi s resulted in turbulent flow occurring just a few degrees

off the hemispherical stagnation point and downstream thereafter. The turbu-

lent heating was gradually reduced downstream of the intersection of the lead

Mac h line with the model (See Figure 40) to one-quarter of the predicted

freestream value.

The recession prediction for the carbon-carbon was also calculated

with the NOHAR E code using the NONAIB option with carbon thermochemistry

in the RPL exhaust gas exhaust gas environment. The Graphite Sur face Kinetics

Computer Program (GASKET) described in Reference 20 was used to calculate
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155 Atmosphere Condition
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the r ot c - l imited reaction rates of the carbon v, ith the exhaust products. A

turhulcnt ablation roughness height of 0. ~2u i nch was assumed for all carbon—

carbons based upon the results ut ’ earlier 30 Megawatt tests. The stagnation

point coMitions were adhus ted  for the pressure decay caused by tip recession

:i ~ ~ ho ’vn in Figure 41. The earlier arc—jet  tests also showed that  the variation

It  ab l a tion  r oI t L ’  wi th each type of carbon—carbon was less than 10 percent. It

a~~ not meaningful , therefore , to make separate recession predictions fo~
each carbon-carbon . This was confirmed by the results of this test series as

Sh~~~ 0 b~ the data poi nts  in Figure d’~.

Figure ~~ shows that the carbon-carbon recession rates were

repeatable but less than what was  predicLed by thermochemical theory for RPL .

The probable reasons for the difference between predicted and measured

recession were:

(1) Incorrect surface reaction kinetics that produced

lower reaction rates with the exhaust .

(2 ’~ Axial and radial pressure gradients in the flowifeld

of the high pressure nozzle (Parallel flow did not exist

at the nozzle e~dt) .  The NOHARE code did not account

for this non—uni formity .

(3) h eating rates lower than those which were measured

by the 2 .0- inch radius calorimeter.

Nevertheless , all other data indicated that the peak stagnation

pressure was in the range of 150 to 160 atmospheres , and all four carbon-

carbon tips demonstrated consistent and repeatable performance at these

pressure levels.

The theoretical stagnation poin t recession histories for the tungsten

subtip were also calculated by the PDA NOHARE code using equilibrium

thermochemical data for tungsten from the ODE code. These results are
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show n in Figure 73. These calculations were only approximate , since tungsten
ablation rates are ~‘erv sensitive to sidewall heating effects and to the amount

of preheat received through the carbon-carbon before its removal. Because of

this , the actual recession of the tungsten as shown by the data points of

Figure 73 was higher than the prediction for these short exposure times.

STAGNATION POINT RECESSION HISTOR Y

AIM RPL TUNGSTEN MODEL

MR = 2.8, PS= 155 ATM
R N = 0 .3 13, T1-IETA = 14

F-

2 —
/

‘I)
If,

FILM DATA .
TEST 24)7 

/IX A TEST 2O~

205 SO7~~~~
_ _ _ _  ~c4.

~~:“h oc- C; ~ç o ;u- 7 ? i
T t ~’~ (3 :  C C 

FIgure 73: Comparison of Predicted and Measured Tungsten
Recession Histories

2. 7. 8 Conclusions

The following conclusions were made based on the results of

these four tests:

1. Prototype full-scale advanced Interceptor nosetip

designs have been demonstrated successfully in a

high pressure environment characteristic of advanced
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terminal  inte rcept requirements. The design components

tha t  were evaluated successfully included carbon-carbon

plug and shell primary nosetips , a tungsten subtip, phenohic

carbon forward skirts and a tantalum forward substructure.

2. ‘rhree AI~IMR C/ FM I fine-weave carbon-carbon materials

demonstrated good ablation performance at stagnati on

pressures to 160 atmospheres. The performance of the

carbon-carbon nosetips was not discernabl v different from

the results of lower pressure are-set tests and was

character ized by :

- Symmetrical ablation at an average rate
of 0. 25 inch per second

- No thermostructural failures or mechanical
removal of surface ma terial

- Clean , symmetr ic removal of the outer
shell in less than two milliseconds after
burnthrough.

3, Excellent performance of an erosion-resistant

thoriated tungsten subtip was demonstrated by:

— No ev idence of thermostructural  failure

- Symmetric ablation at an average rate of 0. 34

inch per second.

2. 8 SAMS Nosetip Experiment

An FMI 221 (T50-221—44) carbon-carbon nosetip was fabricated by

PDA and delivered to Sandia Corporation for flight testing on a Sandia-Air

Force Materials study (SAMS) flight test vehicle. The properties of the

m aterial and the ablation and thermal stress rc’sponses were predicted by PDA

for AMMB C to support the flight test . Sandia specified the noset ip confi guration.
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A pretest ablation analysis predicted a total nosetip recession

of approximately o . ~ inch , and showed that  the radioactive source locations

specified by Sandia would result in good definition of the recession history

from telemetered data. The computed thermal  stresses were low compared

to predic ted material strengths using conservative linear elastic analy sis

methods. The following sections describe the analysis of the SAMS design.

2 . 8. 1 Material Desc ription ai~d Proport les

The 221 carbon-carbon material was produced by Fiber Materials ,

Inc. (FM!). The preform was woven on 0. 040 x 0. 023 inch X , \‘, Z centers

with two Thornel 50 yarns pee X and Y site and one Thornel 50 yarn per Z

site. The preform was densified with Ashland A240 pitch to a composite

density of 1.9 gm cc. The nosetip was excised from FM! billet number 551.

The mater ial properties used for thermostructural analysis of the

nosetip are given in Table 30. No engineering properties had been measured

on the material at the time the analysis was performed. Therefore , all prop-

erties were estimated from similar materials or calculated as explained below.

Thermal conductivities in the Z and X (or Y) directions were estimated by

comparision with GE 223 carbon—carbon. This material had identical rein-

forcement yarn constituents and was pitch—densified to the same density. The

latter material had filament volume fractions of 13 percent and 22 percent in

the X and Z directions , respectively, while the AMMRC 221 ma terial filament

volume fractions were 14 percent and 12 percent. Since the principal differ-

enee between the two materials was the volume fraction of filament reinforce-

ment , the thermal conductivity of the 221 in all directions was taken to he equal

to the conductivity of 223 in the X direction , as given in Reference 21. This

was a reasonable approximation since the X direction filament volume fraction

of 223 approxi mated the 221 filament volume fraction in all directions.
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The elastic moduhi , tensile strengths and thermal expansions of

the 221 material ~cre computed from the PDA CCCELL code. This code cal-

culated the properties of a three-dimensional uni t cell with appropriate boun-

darv conditions of compatibility and equilibrium (References 6, 22). The prop-

erties of ATJS graphite were used for the matrix and the properties of Thorne l

50 yarns from Reference 23 were used for the reinforcement .

2. 8. 2 Flight Environment

The flight trajectory is shown in Figure 74. The ground-launched

— 
missile reaches a peak velocity at burn-out of 10, 400 fps at 12, 600 feet alti-

tude . Stagnation point pressure and total enthalpy histories are given in

Figures 75 and 76, respectively.

-
- 
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Figure 74: Altitude and Velocity Histories
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Figure 76: Total Enthalpy History

—140 -



— 
_—~~~~~z 

—-“- -“--‘—,-—-- --- -~-- — --- — - ________________________________________ 
- ~~ -,., ~~~~~~~~~~~~~~~~~

2. 8.3 Nosetip Design

The nosetip design analyzed is shown in FIgure 77. * The design

and radioactive ablation gage source locations were specified by Sandia

Corporation. It was assumed that the nosetip would be attached to the SAMS

vehicle by a split collette , and consequently, the axia! aerodynamic pressure

loads were reacted primarily at the radius forward of the 0. 700-inch diameter .

SOURCES LOCATED AT~
X • 0. 525

0.25
0. 75
$ . 0

1.732 D1A 
5 . 5 

~~~~~~~~~ 
~

., [ .
999 D1A

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_J~~~~:i:

•5~ j  MAO. 
— --—— —— 3.2 13

5.645 1.-I

Figure 77: Nosetlp Design Analyzed and Source Locations

* The thermostructural analysis was performed for a nosetip initial
radius of 0. 5 inch. Subsequent to thi s analysis, the initial radius was
éhanged to 0. 65 inch at the request of Sandia. The effect of this
radius change on thermostructural response of the nosetip was
negligible. However , the recessi on predictions were repeated for
the revised nose radius of 0. 65 inch and are shown in Figures 78
and 79.
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2. ~~. 4 Hi ’cession Calculation s

Recession afl(I shape change histories of the SAMS nosetip with an

init ial  radius of 0. 65 inch were predicted using the PDA Nosetip h eating and

Recession (NOHARE ) computer program described In Section 2. 6. The pre-

dicted recession and shape history of the nosetip is strongly dependent upon the

time and location of boundary layer transition , which in turn is a function of

boundary lay er thickness , wall temperature and intrinsic surface roughness of

the material.  Recent correlations of HEARTS flight tests of carbon—carbon

nosetips have indicated that the intrinsic roughness may vary from 0. 00015 to

0. 001 Inch , depending upon the processing variables and type of carbon-carbon

weav e used (Reference 24). Due to the limited test data available on carbon-

carbons , the values of intrinsic roughness used for this analysis were selected

to bound the recession. A roughness height (K 1) of 0. 001 inch was used for

the upper bound prediction and K1 
= 0. 00025 inch was selected for the nominal

recession prediction.

After transition to turbulent heating, the local turbulent heat rate

assumed fully—scalloped flow on the fore-cone and aft cone where applicable.
A Aft  of this  region roug h-wall turbulent heating was used with surface roughness

allow ed to grow to 0. 002 inch. **

The predicted stagnation point recession histories based on these

calculations are shown In Figure 78 for the upper bound and “nominal’ rough-

ness heights , respectively . FIgure 79 shows the predicted shape profiles for

the upper hound recession case.
* A value of K 1 0. 00015 gave a good correlation of flight test results for

a GE 223 carbon-carbon nosetip (Reference 24). However , transition
experiments In the AFFDL 50 Megawatt arc-jet indicate that FMI 221
transitions at a lower pressure than does GE 223 due to different
processing, and therefore implicitly has a higher intrinsic roughness.

~ ihsequent to this analysis , the roughness model was changed to 0.020 inch;
however, this change shou ld have a negligible effect on the predicted
recession.
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From Figure 75 it is seen that  the “nom inal” recession of the

carbon-carbon should be about 0. 77 Inch with  an upper bound of 0. 58 inch. In

either event , six discrete radioactive sources should he removed from the

tip during flight. Figure 7’~ shows the location of each source and the pre-

dicted time of removal. From the actual removal time in the flight test , it

should be possible to determine at what  time and altitude transition occurred.

2 . -
~~ . 5 Thermostructural Analyses

The thermostructural  response of the nosetip to the SAMS/TATER

tra j ec to r y  was computed as described in the followit~g paragraphs.

Thermal Analy ses

Nosetip pressure loads and in-depth temperatures were computed

by the PDA Nosetip, Shape C’hange , Erosion , and Conduction (NOSEC) code.

This code computed the local flowfleld and heating environment , ablation and

interna l conduction for an anisotropi c two-dimensional axlsvmmetric bod y of

revolution . The local pressure and heating, ablation rate of carbon , and

interna l conduction networks were coupled to the instantaneous shape of

the body . Because of the complexity of these coupled calculations , the NOSEC

code was used only to com~~ite the external shape and internal temperature

fields for anal~ sls of thermal stresses. The fully coupled conduction solution

was  run for 5 seconds past the time of peak heating (17 seconds of trajectory

time).

Thermal Stress

The SAAS Ill code for finite-element structural analysis of solids

of revolution with temperature-dependent properties was used for thermal

stress predictions. The code assumed the nosetip was transversely isotropic as

opposed to the actual orthogona l construction of the material. The elastic and
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strength properties in the X- (or Y-) reinforcement direction was assumed for

the isotropic plane. The ablated shape , internal temperature di3tributlon and

boundary pressures were read for each t ime point analyzed from tapes gener-

ated by the thermodynamic ablation code. A typical finite-element mesh is

shown In Figure 80 for the critical (m aximum stress) time. A plot of iso-

temperature contours is given In Figure 81 for the same trajectory time.

~~~~~~~ :t~~~~~~t

0’ .Cc 0’. ’O t
’. 4~ 2

’. t O  2 - 8 0  3.5 0 4 - 2 0  4 90 ~
‘ 6O
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Figure 80: Finite Element Mesh
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Figure 81: Iso-Thermal Contours at 12.6 Seconds
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The tensile thermal stresses were maxinhum along the nosetip

centerline , and the princ ipal stresses in this  region were aligned with the

nosetip coordinates (axial , radial , and circumferential) due to symmetry.

Th4 - axial and hoop (circumferential) stresses along the centerline are plotted

in Figures 52 and 3~ respectively, as functions of temperature for several

flight times. The plots show the critical stress conditions (relative to the

predicted strengths) to occur about 12.4 seconds after launch , or just  after

booster burn—out .

The maximum hoop ~md axial stresses are plotted in Figures 84

and ~5 as functions of t ime. Iso-stress contour plots of the hoop, aodal and

radial stresses are given in Figures 51 , 87 , and s~ for a trajectory time of

12. ’; seconds.

The maximum stresses occurred in a region of the nosetip affected
by the centerline instrumentation hole. In a per fectly linear elastic material

~ ith axisvninwtrie  loading, the effec t of a small centerline hole is to double

the  hoo p stress locally at the hole boundary, In this case , the resulting hoop

stress would still he less than the predicted hoop strength. However, it is

not reasonable to expect a stress concentration that large in the 221 carbon-

carbon material since the material heterogeneity is on the same order size as

the hole and will enable local deformations at yarn and matrix interfaces to

reduce the stress concentration.

In summary, the pr edicted flight stresses were low compared to

the predicted material strengths , and the probability of thermostructural

survivability was high .

2. 8.6 Nosetip Fabrication

The nosetip was machined from billet number 551 of FMI 221

carbon-carbon manufactured and processed by Fiber Materials , Inc., Biddeford ,

-146—
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~Iaine. Final billet density was 1. 92 gm cc . The design drawing of the actual

conl ig ’urati on is shown in Figure 9 . (ThIs confi guration was supplied by

Sandia after the preceding analysis had been completed. )

Prior to final machining of the external configuration the 0. 025-

inch diameter x 1. 50-inc h deep hole (Figure 89) was installed by electrical

discharge machining (EDM) techniques. Past experience with drilling small

holes to that depth had shown that EDI’.-I was necessary to preclude wandering

and run-out of a deep hole in carbon-carbon . Several test holes were put into

blank specimens of 221 by EDM and the specimens were x-rayed to verify

that the holes were true. The final machined tip was x-rayed also. Figures

90 and 91 show photographs of the finished nosetip in profile and frontal

views.
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Figure ~2: Ax al Stress Distributions Along Nosetip Centerline
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The finished noseti p was delivered to Sandia Laboratories , Albu-

querque , New Mexico , in October 1975. The nosetip was mounted on a SAMS/

TATER launch vehicle and a flight test was attempted in December . However ,

the flight was unsuccessfu l due to a booster malfunction , and no nosetlp per-
formance results were obtained. A repeat attempt to perform a fligh t test has

not yet been scheduled.

I
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3.0 CONCLUSIONS AND RECOMMENI)ATIONS

This section summarIzes the conclusions from all the tests and

analyses per formed in this program. Recommendations for materials

improvements are given , and a revised and updated intercepter nosetip

development plan is recommended.

3. 1 Conclusions

As a result of the work performed in the AIM II program , it can he

concluded that carbon-carbon materials can be produced that satisfy the nosetip

performance requirements of advanced terminal defense interceptor missiles.

Specifically , the test results showed that fine-weave carbon-carbon materials -

produced from Thornel 50 yarns with orthogonal weave geometries haying unit

cell volumes on the order of 3 x lO~~ cubic inches or less , and processed

with Ashland A240 pitch at impregnation pressures of 10, 000 psi to densities

of 1.9 grams per cubic centimeter will develop symmetric , stable nosetip

shapes while undergoing turbulent ablation, Thi s conclusion is based on test

results fr om both subscale and full-scale models at stagnation pressures up

to 168 atmospheres. In addition, tensile test results showed that these

-
- 

- materials can be tailored , by weave configuration design , to yield tensile

strengths over 35, 000 psi in the axial direction.

Sufficient characterization data were obtained to perform nosetip

preliminary design using one of the fine-weave materials (T50-22 1-44); and

the ablation/shape change and thermostructural performance of three of the

materials was verified in full-scale rocket exhaust tests with two basic nosetip

design concepts. These tests showed that the AIM II fine-weave carbon—carbon

materials can he incorporated into nosetip design concepts for advanced ter-

minal defense interceptor s and will remain symmetric through turbulent

ablation at heating rates , pressures and total exposure times appr oximating the
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conditions in anticipated ABM trajectories. The the rmostructural surviva-

bili t y of monoli thic thoriated—tun gsten subtips on sudden exposure to the

heating environment when the carbon-carbon primary nosetip is removed by

ablation was also demonstrated in these tests. The tungsten survivability is

attr ibuted to the use of relatively small diameter (one inch) bars upset—forged

to pr oduce more equiaxial grain structure for improved transverse strength

relative to  stock extrusions or swagings.

The full-scale ground—test designs were based on requirements

derived from analysis of a high performance advanced terminal Interceptor

mission both in clear air and in a very severe weather environment . It was

concluded from thi s prelin’unar v design exercise that stagnation point reces-

sions on the order of 1. 5 inches are experienced by the carbon—carbon materials

in flights through clear air. In flig hts throu gh weather , the stagnation point

recession is minimized by the use of a tungsten subtip. However , for the

severe conditions analyzed , even the dual material concept will produce total

shape changes which exceed the limits imposed by some terminal stage
- 

- control systems.

Evidence of good fiber-to-matrix bonding in the fine-weav e carbon-

carbon material s was derived from several of the test results: 1) on-axis

tensile strength results showed that all of the Thornel 50 materials tested

developed about sixty percent of theoretical strength. The one pitch-based

yarn material (P-111-33) showed a fiber efficienc y factor of about 100 percent

indicating exceptional compatibility of the filaments with the in-situ matrix ,

2) off-axis tensile tests of the T50-221--44 material showed the strengths in

the 45°_)(y direction to be about 10, 000 psi , and 3) no gross mass loss occurred

on the ablating surfaces of the test models with the exception of some evidence

of discrete mass loss In the HIP facility at the 168 atmosphere condition .
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Specific technical conclusions from the results of both major tasks

are individuall y stated in the following paragraphs.

The sigi~ificant conclusions with respect to the medium and high

pressure ablation performance of carbon-carbon materials are as follows:

1. The seven best performing carbon-carbons in the

50 iUegawatt-75 atmosphere ablation tests all had

average recession rates within 5 percent of each

other and were as follows:

T50—1 11—50
T75—111—50
T50—22 1--44
T50-222-33
T50— 111—5 5
T50-112-40

111-33

Therefore , it was concluded that all materials with unit

cell volumes less than about 3 x 10~~ in3 woven from

Thorne l 50 or Thornel 75 yarns and processed under

the same conditions exhibited essentially the same

ablation performance. The pitch-yarn material performed

in the same categor y although it has a unit  cell volume
-5. 3of ahout4xl0 in.

2 . 50 Megawatt-75 atmosphere ablation test results

and HIP 168 atmospherc ablation test results were

consistent , and individual specimen results were

repeatable to within 8 and 10 percent, respectively .

3. The cu rrent state-of-the-art analytical r~’. del for

turbulent recession rate prediction was shown to be

in good agreement with the 50 Megawatt-75 atmosphere
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test results. A maximum roughness height of 0. 010

inch ~icldcd the best prediction of turbulent recession

rate for the fine-weave AL~1 II carbon—carbon materials.

Thc tests also sh o~~ed evidence of unit  cell volume

effect on steady-state recession rates with the very

coarse-weave materials receding about 25 percent faster

than the very fine-weave materials. However , all

mater ia ls  with unit ccU sizes less than about 3 x lO~~in 3

ablated at approximately the same rates.

4 . Sonic evidence of mec hani cal mass loss was observed on

the ablating surfaces of the mater ia ls  tested at the H IP

facilit~ at the 1(~ atmosp heiT condit ion.  The frequency

of mechanical ) 11(tSs loss ~‘rurre nC e (and the estimated

contr ibut ion to total mass l - ~~ v~ ~ s ~4,’ea1er for the

coarser weave mater ia ls .  Mec han i c a l  mass loss effects

for all materials  were small relative to thermochemical

recession rates.  The inc reased mass loss rate of the

coarser materials was less than the estimate d repeatab ility

of any given data point.

With respect to the strength tests , the sign i ficant concl usions

are as follows:

5. Tensile tests conducted on six of the materials showed

evidence of good matrix-to-filament bonding and filament

straightness , with the Thornel filaments developing about

60 percent retention of the filament virgin strength,

indicating a large improvement in matr ix-to-filament

bonding relative to the Thornel filaments. Test results

showed that axial strengths on the order of 35 , 000 psi are

attainable in the fine-weave materials.
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6. The r elat ive axial  tensile strengths and steady-state

recession rat e s  for seven of the AIM II materials were

compared , since these are the two most critical

properties in the selection of nosetip materials. The

strengths (Section 2 . 4 )  and average recession rates from

the three test series (Section 2. 2) were normalized

r elat ive to the data for T50-22 1-44 carbon—carbon .

‘l’he results , plotted in Figure 92 , showed only a small

var ia t ion in average recession rate relative to the

T50-22 1-44 material (less than +10 percent). The plot

showed tha t  mater ia ls  wi th  axial tensile strengths up

to 60 percent greater than T50-22 1-44 may be available

~ ith ilo i~~na ltv in recession rate.

Preliminary design of Ilight intercepter nosetips indicated the

followi ng:

7. For a clear air intercept mission , a carbon-carbon plug

nosetip with  a 0. ~i inch nose radius and a 2. 0 inch over-

hang is representative of current AT 1 requirements.

8. An erosion-resistant nosetip concept investigated in

this  study which utilized a tungsten subtip under a carbon-

carbon shell was found to extend the vehicle performance

capability to natural  weather environments.

The following conclusions were made based on the results of

the full—scale prototype nosetip tests :

9. l’h ree fine-weave carbon-carbon materials demonstrated

good abla tion pe r formance at stagnation pressures to

160 atmospheres. The performance of the carbon-carbon

nosetips was characterized by :
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— Symmetrical  ab lation at an average rate
of’ 0. 25-i nch per second

- No thermostructural  failures or mechanical
removal of surface material

- Clean , symmetric removal of the outer shell
in less than two millisec onds a fter burn—through

- Results that were consistent with subscale
specimen tests in arc —jets.

10. Excellent performance of an erosion-resistant thoriated

tungsten subtip was demonstrated bk ’ :

- NI) evidence of th ermostructural  failure

- Symmetric ablation at an average rate of
0.3-1 inch per second.

• T50—flI-44
0 T 50-It1-50
£ T 5 O— I t I -55
A T75-I l1-5O
• T 5O-~ T2-4 O
o P-I I I -33

2,L ~

-~~~~ C ,

I-c

2.0

221 AVE

Figure 92: Average Tensile Strengths and Recession Rates
Normali zed to T50-221-44
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I- ’ : ofli t h e  design of a specific carbon-carbon nosetip for flight test ,

the following was concluded:

11. Thermostructural  analysis of an FMI 221 carbon-carbon

nuse t ip  design for flight test on a SAMS vehicle indicated

that  predic ted fligh t stresses were low com pared to the

predicted material strengths , and the probability of

thermostructural  survival is high.

3. 2 \l at cci als Improvement Recommendations

‘l’he cur ren t  phase of this program has established the effects of

preform variables on carbon-carbon materials behavior and has proven the

materials ’ capability to perform as a passive nosetip in severe environments.

It has also shown the potential for nosetip performance in weather environ-

rnents by application of combined carbon-carbon and erosion—resistant

material s  concepts.

The next step in carbon-carbon materials development should

ad d ress the optimization of processing parameters in terms of pitch densifi-

cation pressures and graphit izat ion temperatures and yarn types. The use of

CVD for part of the preform densification should be evaluated also. The

effects of the processing var iables should he established and related to the

specifi c requirements of the Army ’s ATDI missions. Specific im provements

sought by these processing variations are reduced erosion rates , increased

bending strength and better shape-retention during high pressure ablation. The

improvements may be derived from change s in the filament-to-matrix bond and

in porosity characterisitcs , or other effects.

From the AIM IT ablation and strengt h test results , i t is clear

that the materials processed from pitch- precursor yarns exhibit characteristics

desirab le for carbon-carbon nosetip materials. This yarn and others such as

HM 1000 and GY7O PAN-based yarns should be evaluated as alternates to
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ray on—based yarns such as ‘l’horne l 50. 11 possible, the  pitch—based yarn

ma~cr ial  should be processed from y arns  h a v i n g  fewer  f i laments  so that  finer

preform weaves can be achieved (700 f i laments  per y arn would yield an effec—

tI \ I yarn diameter equivalent to Thorne l 50) . Continued development of these

materials may alleviate the current dependency on rayon-based ~‘ai’ns and will

po ssibili ty lead to sig~ ifieant  cost reductions and property improvements .

The effect of initial preform CVD densification on the m a t e r i a l

al )tat ion , erosion and mechanical properties should he investigated in a ~ d l —

controlled mater ia l  evalua t ion  program. Other processing variables c o n t r i h u —

ting to material performance in addition to CV D— densif icat ion arc th e impreg-

nation pressure and the  graph it izat ion temperature .  These quanti t ies  should

he varied in a materials processing matrix using the well—characterized

Thornel 50 221-preform configuration as a baseline. Initial CVD impregn ation

can be varied from no CVD processing to about 25 percent of the preform

wei ght in several billets. Pitc h impregnation pressures can he accomplished

at three levels: 7500 psi , 10, 000 psi , and 15 , 000 psi; and final graphit izat ion

can be conducted at 2700 and 3000°C to produce billets for evaluation of these

variab Les.

Limited ablation and tens ile strength testing should be conducted

on the materials produced for alternate yarn and for processing yariables

evaluation to establish a data base for comparison to the AIM Ii materials.

Additional tests should be conducted on the materials produced

for processing variable investigation and the a l ternate-y arn materials , along

with materials selected from AIM H to represent a range of critical preform

parameters (such as total filament volume f1’a -~ ion , t-t -X direction filament

volume fraction ratio and unit cell sizel. These t e S t s  should include:

I . Erosion tests to evaluate th e  effec t I i  we :iy e  conf ignration
t arn type and processing variables ~n erosion performance

— P ; 0—
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2. Additional tensile strength tests (at  elevated temperatures
and in the X— \‘ directions) and compressive strength tests
to comp lete the evaluat ion of yarn type s , preform geom —

e t ries , and processing variables

3. ‘l’hermal expansion to 5000°F to assess the materials ’
matr ix- to-f i lament  bonding. Evidence of bonding failures
at elevated temperatures is shown by r~i j-uI increase in
expansion with temperature and by res daa l  deformation
after temperature cycling.

The cost of weaving a 3D-orthogonal preform represents large

fraction of the total cost of a billet of carbon—carbon. A s tudy  of methods to

reduce the cost ot’ the woven preform should he considered and may include

establishing the feasibil i ty of’ automating the process.

3. 3 Recommended Nosetip Development Plan

This section will present and discuss the revised and updated nose—

tip development plan for advanced terminal intercepters. This plan was pr e-

sented initially in the Phase I report (Reference 1). Figure 1 (Section 1. 0)

showed the overall development program outline. Details of the current phase

of the program were given in flow-chart form in Figur e 2 (also in Section 1.0).

It should he noted that , although the program plan discussed In this

report deals with “passive ” nosetip mat er ials and design , equal importance

must he given to active (transpiration) designs. The latter concept is of par-

ticular Interest where erosion resistance Is a dominant requirement and the

erosion environment is severe. It is assumed that a concurrent development

program for active nosetips is in progress. This plan , therefore , is

restricted to recommendations for passive materials and designs.

An outline of the updated development plan Is shown in Figure 93.

The Phase III prog ram is intended to carry the material improvements rec-

ommended In the previou s section thr ough detailed characterization , detailed
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de sign and t r a d e — o f !  s tud ies , f ina l  configuration selection , and design verifica-

tion t e s t i ng .  Included ear ly  in the Phase III program is a study and evaluation

of improved y arn  and processing variables. This approach provides a well -

ordered program that will result in maximum benefits from the material

invest igat ions to date.

The next logical phase of the nosetip developm ent program should

include the following elements:

Im proved Mater ials Fabr ication

Following the recommendations of Section 3 .2 , carbon-carbon

ma terials billets should he fabricated from alternate yarns. Processing 
—

variations should also he investigated that include CVD level , densification

pressure, and graphitization temperature. Table 31 show s the recommended

material/processing combinations.

Characterization Tests (Yarn and Processing Study)

Prepare test plans and conduct characterization tests of the yarns

and process ~‘ariations given in Table 31. Included are ablation, erosion, and

tensile strength tests. For comparative purposes, six of the most promising

Thornel 50 materials from the Phase II should be included in this study .

Table 32 show s the full matrix recommended for the yarn and processing study.

The characterization tests completed during this Phase H program are

included for reference (above the heavy black line~.

Post-test Analysis and Ev aluat ion

The results of the yar n and processing study will be correlated

and evaluated. The overall performance of each specimen variation will be

assessed and each of the variations will be classed as “satisfactor y , ”
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“margina!, “ or “unsat is factory . ” Based on the resuR s of all of the tests , a

:1 minimum of three mater ia ls  will be selected for detailed design analysis and

t e s t i n g .

I)ctalled C haracterization

Full character izat ion of each of the prime candidate materials

should be performed . Properties to he characterized in addition to the testing

com pleted previously should include the following:

• Tensile Strength: ‘X ”
, “Z” , “45°XY” , RT to 3000°F

• Compression Strength: “X” , “Z ” , “45°XY” , RT to s000°F

• Torsion: “XZ-YZ”, RT to 4500°F

• Shear Strength: “X-Z”, RT to 2000°F

• Thermal Conductivity: ‘X” and “Z”, RT to 5000°F

• Thermal Expansion: “X” and “Z” , RT to 5000°F

This test matrix will require approximately one 4 x 4 x 8-inch

billet (or an equivalent 128 cubic inches) of each material. The total material

requirements estimated for detailed design analysis and testing is given in

T able 33.

Preliminary Design Layouts

Each material will be i n tegrated into a nosetip design that shows

internal and external design details. External details such as nose radius ,

cone angle , and overhang length should he based on overall ABM system

requirements. The important internal designs should include shank diameter ,

a t tachment  method , erosion-resistant subtip, and forward heatshield joint .
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‘I’ABLE 33: MATERIA L HEQU~~ EMENTS FOR DETAILE D
Ch ARACTERIZATION , DESIGN , AND TESTING

‘I Es’l TVI 1I -  SI 2 E C I M E N  N U M B E R  OF BILI.ET SIZE

_______________________ 
SIZE - S P E CI M E N S  AN I )  QUANTI TY

HCi- r I ’ c : i I  211( 1 SE CI1CLI, lI’Ci t Vri i’IoUS 78 4 x 4 x S
- i .i 0,11. 1Cr / 11 1 111 1

1 I C C ~~1 P i r u i - 1  - - Er i ,s i o n 0.75” Dia x 0. P 12 4 x 3 x 0.6

The m -  Is t r u C t u k - il 2” DIa x -4” 2 4 x 4 x 4

Dt ’sign Vt - r l l i t aLlon 2” I)ia x 4” 4 -~ x -4 x 8

TOTAL VOLUME OF MATERIA L REQU IRED: 327 CUBIC INCHES

NO. OF 4 x 4 x 8 BILLETS REQUIRED: 2.6 BILLETS

Detai led Design Analysis and Trade-Off Studies
Using the preliminary layouts as reference or starting condition s,

design analy ses and trade-off studies will then be performed . These analyses

will be based on updated ABM system requirements to include weig ht , center

of gravity , static margin , and maneuvering load requirem ents. Analyses to
be performed should include air loads (axial and lateral), recession and shape
change, blast loads and nosetlp dynamic response , internal heating and
thermostructur al response. These analyses should be performed for current
upda ted intercept mission pr ofiles and environments whic h should be provided

by BMDATC.

Thermostruc tural Testing

Of the detailed design analyses performed above , the predicted
therrnostructural response of the pr imary nosetip material has the most

number of variables that enter into its calculation and Is therefore the least
certain predict ion. For Lois reason , it Is recommended that each candidate
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mater ia l  design be tested thermostructura l lv in a rocket exhaust . Eac h test

should SL1t) !eCt the n-iateria l ’design to a therrn ost ruetura l  condition at or near

the conditions expected on a typical ABI\l mission . These tests should be per-

formed at either the I S A  F Rocket Propulsion Laboratory or, if necessary, in

a hydrogen-fluorine rocket suc h as Capistrano Cell 2 .

Final l)esign Selection

The r e su l t s  of the previous tests should be evaluated and com pared

with predictions. The failure mode(s), if an~’, should he invest iga ted and

related to the material properties determined earlier. Based on the results ,

a final design selection should he made.

l)esign Verification Testing

:\ minimum of four (4) full-scale models of the final design should

he fabricated and tested to y e r i f v  performance. The tests should include :

(1) Recession , shape change , and therm ostructural
response (AFRPL Rocket Exhaust)

(2) Recession and bending response at angle-of-attack
(AF1l PI~ Rocket Exhaust)

(3) Static bending loads test

(4) Blast loads test (ACT)

A fifth full-scale model should be fabricated and tested for erosion

performance if an appropriate erosion testing facility is available within the

scheduled tim e of the program.

—168—

5- - —-- -— -5-—--’-- - - -5- - - - - - - --,-- ------—-- - - ---- -5- - C _~~~~~~~,~ 



~~~~~~~~~~~~~~~~ -- 5 — ~~~~~~~~~~~~ ._ 
—I

~~~ -5,,

Final Design Recommendations

The results of these tests will be used to fully qualify the rec-

ommended design . The final design recommendation will include any change s

that may be required based on previous test results.

The comprehensive development program described above should

provide AMl~LRC with the best possible ATI passive nosetip confi guration that

is compatible with advanced systems requirements. It must be emphasized

that changes or other unknown developments may occur during the course of

this program that will require a redi rection of effort . However , based on the

cur rent understanding of requirements and anticipated near-term materials

performance capabilities , this program should meet its desired goals.
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