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ABSTRACT 

This report presents the results of analyses of the roll torque evalu
ation (RTE) vehicle. a reentry configuration which was flight-tested during 
May 1974 at the Sandia Laboratories Tonopah Test Range. The purpose of 
the test program was to evaluate. in a controlled environment. the roll
torque-producing effect of an ablating tape-wrapped carbon phenolic (TWCP) 
heat shield. The boost system. a Talos-Terrier-Recruit (TATER) rocket, 
delivered the reentry configuration to conditions approximating the latter 
portion of full-scale reentry while providing nominal payload separation. 
Flight instrumentation, designed to evaluate the aerodynamic performance 
and thermal response of the vehicle, indicates that the flight environment 
was severe enough to produce the desired level of ablation and that significant 
rolling moments were obtained. In addition, the vehicle was recovered in
tact for postflight inspection. 

3/4 



• 

• 
ACKNOWLEDGMENT 

The author gratefully acknowledges the contributions made to the 
program by the following individuals: 

R. D. Fellerhoff, 1324 

D. W. Johnson, 1332 

L. R. Rollstin, 1335 
/ 

R. M. Green, 8111 

L. E. Voelker, 8113 

F. W. Kent, 8116 

H. D. Sorenson, 8183 

J. Dremalas, 8157 

M. H. Rogers, 8158 

B. D. Pontsler, 8165 

D. M. Pegan, 8168 

R. F. Carrell, 8183-1 

D. C. Stoner, 8183-1 

T. T. Bramlette, 8313 

T. F. Jones, 8345 

G. W. Henderson, 8362 

L. R. Myers, 8412 

K. Livingstone, 8412-1 

S. Schwegel, 8431 

Booster, Adapter and Separation System 
Mechanical Design and Interface 

Recovery System 

Booster Trajectory Analysis 

Nosetip Aerothermodynamic Analysis 

Structural Analysis 

Telemetry and Instrumentation System 

Telemetry and Instrumentation System 

Mechanical Drafting 

Heat Shield NDT 

Mechanical Design and Coordination 

Mechanical Design and Hardware Procurement 

Instrumentation 

Instrumentation 

Aerodynamics and Aerodynamic 
Heating and Ablation 

Safety and Reliability 

Mass Properties 

Testing Coordination and Data Reduction 

Vehicle Assembly 

Electrical Drafting 

5/6 



TABLE OF CONTENTS 

Summary and Concl us ions 

Introduction 

RTE Program Objectives 

RTE Flight System Description 

Booster 

Flight Vehicle 

Payload Adapter and Separation System 

Instrumentation and Telemetry 

Range Instrumentation and Support 

Preflight Qualification Testing 

Trajectory Analysis 

General Flight Characteristics 

Flight Trajectory Data 

Meteorological Data 

Payload Trajectory Characteristics 

Aerodynamic Analysis 

Flight Motion Data 

Roll Dynamics Analysis 

Aerodynamic Drag 

Angular Motion 

Static Stability 

Aerothermodynamic Analysis 

Heat Shield Thermal Data 

Theoretical Heat Shield Aerodynamic Heating 

Page 

15 

17 

19 

20 

20 

20 

27 

28 

28 

28 

30 

30 

32 

32 

37 

37 

37 

43 

44 

47 

47 

52 

53 

54 

7 



Heat Shield Performance 

Recovered RTE Heat Shield 

Nosetip Performance 

Nosetip Thermal Stress Analysis 

References 

Appendix A--RTE Heat Shield Construction 

Appendix B--RTE Telemetry System Description 

Appendix C--Summary of Ballistic Computations 
and Range Safety 

Appendix D--RTE Postflight Trajectory Simulation 

8 

55 

57 

62 

73 

77 

81 

85 

99 

103/104 



ILL USTRA TIONS 

Figure Page 

1. TATER Booster Schematic 21 

2. RTE /Booster Flight System 22 

3. Roll Torque Evaluation Vehicle Schematic 23 

4a. RTE Vehicle Assembly 24 

4b. RTE Payload Adapter and Separation System 25 

5. RTE Trajectory Events 31 

6. Payload Axial Acceleration History (±50g Accelerometer) 33 

7. Payload Axial Acceleration History (±1 OOgAccelerometer) 33 

8. Comparison of Flight Velocity and Altitude History 34 
Derived from Radar and Onboard Accelerometer 

9. Observed Atmospheric Conditions--Speed 36 
of Sound Versus Altitude 

10. Observed Atmospheric Conditions--Air 36 
Density Versus Altitude 

11. RTE Payload Altitude History 38 

12. RTE Payload Velocity History 38 

13. RTE Payload Mach Number History 39 

14. RTE Payload Dynamic Pressure History 39 

15. RTE Payload Axial Acceleration History 40 

16. Pitching Velocity Versus Time 40 

17. Yawing Velocity Versus Time 41 

18. Rolling Velocity Versus Time 41 

19. Lateral Acceleration History (Body Z-Axis AZ-1) 42 

20. Lateral A cceleration History (Body Y-Axis A Y -1 ) 42 

21. Lateral Acceleration History (Body Y-Axis A Y -2) 43 

9 



Figure Page 

22. Total Rolling Moment Coefficient Versus Flight Time 45 

23. Total Rolling Moment Coefficient Versus Flight 45 
Mach Number 

24. Comparison of RTE Total Rolling Moment Coefficient 46 
With Available Theory 

25. RTE Axial Force Coefficient (Wind Tunnel and Flight 46 
Data) Versus Mach Number 

26. Angle-of-Attack History (Computed From Flight Data) 48 

27. Angle-of-Sideslip History (Computed From Flight Data) 48 

28. Total Angle-of-Attack History (Computed From 49 
Flight Data) 

29. Aerodynamic Roll Angle History (Computed From 49 
Flight Data) 

30. RTE Normal Force Coefficient Versus Mach Number 51 
(From Wind Tunnel) 

31. RTE Static Stability Coefficient (Cm ) Versus Mach 
Number (Comparison of RTE Flight ~est and Wind 

51 

Tunnel Data) 

32. Center-of-Pressure (X ) 
cp 

52 

33. RTE Spin Rate and Natural Pitch Frequency History 53 

34. RTE Heat Shield Temperature Response Versus 54 
Time (Flight Data) 

35. Cold Wall Convective Heat Transfer Rate (Station 2 55 
and Aft of Station 9) 

36. Thermal Stack Temperature Response (Temperature 56 
History at Depths of 0.020, 0.040, and 0.10 Inch From 
the Cone Surface at Stations 19.0, 22.75, and 28.5) 

37. Theoretical and Flight Test Surface Recession for 58 
Station 2 and Aft of Station 9 

38. Recovered RTE Heat Shield 59 

39. Recovered RTE Heat Shield 60 

40. Recovered RTE Heat Shield 61 

41. Recovered RTE Nosetip (00 Orientation) 63 

42. Recovered RTE Nosetip (90 0 Orientation) 64 

43. Recovered RTE Nosetip (1800 Orientation) 65 

10 



Figure Page 

44. Recovered RTE Nosetip (270 0 Orientation) 66 

45. Comparison of Preflight and Postflight Nosetip 67 

46. RTE Recovered Nosetip Showing Longitudinal Groove 68 
Patterns 

47. Preflight and Postflight Nosetip Profiles 68 

48. Stagnation Point Pressure and Cold Wall Heat Transfer 69 

49. Laminar and Turbulent Cold Wall Heat Flux (0. 75 Inch 69 
Downstream of Stagnation Point) 

50. Calculated Nosetip Surface Profiles for Fully 70 
Turbulent Flow 

51. Calculated Nosetip Surface Profile for Case of Laminar 70 
Flow to the Tangency Point and Turbulent Flow Aft of the 
Tangency Point 

52. Calculated Nosetip Surface Profile for Case of Delayed 71 
Boundary Layer Transition (Transition from Fully 
Laminar to Fully Turbulent Flow at T= 11 Seconds From 
Launch) 

53. Temperature Distribution Along Nosetip Centerline for 71 
Fully Turbulent Flow 

54. Temperature Distribution Along Nosetip Centerline for 72 
Case of Laminar Flow to the Tangency Point and Turbulent 
Flow Aft of the Tangency Point 

55. Temperature Distribution Along Nosetip Centerline for 72 
Delayed Boundary Layer Transition (Transition from 
Fully Laminar to Fully Turbulent Flow at T= 11 Seconds 
From Launch) 

56. RTE Nosetip Temperature Profile 74 

57. RTE Nosetip Stress Profile 74 

58. RTE Nosetip Strain Profile 75/76 

11 /12 



TABLES 

Table Page 

I. Flight Vehicle Physical Properties 26 

II. Nominal RTE TWCP Heat Shield Wrap Properties 27 

III. RTE Instrumentation (Payload) 29 

IV. Summary of RTE and RTE Subsystems Environmental 31 
and Qualification Testing 

V. RTE Trajectory Maximum Conditions 35 

VI. RTE Separation Conditions 35 

13/14 



SUMMARY AND CONCLUSIONS 

The roll torque evaluation (RTE) vehicle was successfully flight-tested 
on May 7, 1974, at the Sandia Laboratories Tonopah Test Range (TTR). 
The purpose of the program was to evaluate, in a realistic environment 
which approximates the latter portion of full-scale reentry, the roll-torque
producing effect of a tape-wrapped carbon phenolic (TWCP) heat shield. 
Roll torque from extraneous sources was minimized by exercising stringent 
control over the thermal shield construction and the reentry vehicle mass 
properties. Flight data and analyses indicate that all program and flight 
test objectives were accomplished. 

The payload was delivered to nominal separation conditions of Mach 8.8, 
velocity of 9710 ft/s, and altitude of 10,525 feet mean sea level (MSL)by a 
Talos-Terrier-Recruit (TATER) rocket booster. An initial rolling velocity 
of -62 rad/s was also achieved by introducing fin cant on the second-stage 
booster fins. Throughout boosted flight, the rocket exhibited good flight 
stability and small angle of attack. Smooth and relatively undisturbed pay
load separation was accomplished by a specially designed system which 
produced small angular disturbances (less than 3 degrees). The utility of 
the TATER system was increased through the development of the payload 
separation system. In addition, the capab ility to perform these types of 
experiments with the flight system was demonstrated. Thus a highly in
strumented reentry vehicle configuration with proven aerodynamic, thermal, 
and structural capabilities and with the ability for recovery has been 
developed. 

Thermodynamic instrumentation, which included thermocouples im
bedded at depths of O. 020, O. 040, and O. 100 inch from the heat shield outer 
surface, monitored the temperature profile through the shield, as well as 
the progress of surface recession due to ablation. At payload separation at 
least 0.040 inch of recession had occurred; this is more than enough to expose 
the roll-producing aerodynamic surfaces at the tape lap joints which are 
characteristic of TWCP shields. The flight thermal response is in good 
agreement with theoretical calculations. 

Significant roll torque was observed from payload separation to de
ployment of the recovery parachute. The initial spin rate of -62 rad/s 
decreased to approximately -30 rad/ s during this time. Onboard instru
mentation permitted the reduction of the spin rate history to aerodynamic 
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rolling moment coefficients. At the peak Mach number (8.8), a heat 
shield roll moment coefficient C i of 0.44 x 10-5 was calculated. The C i 

o 0 
increased significantly with lower Mach numbers (C i = 7.5 x 10-5 at Mach 

o 
2. 0). Comparisons are made with preflight theoretical predictions in the 
body of the report. Predictions based on LMSC, Kaman, and Sandia esti
mates show favorable agreement with flight test data. 

The reentry vehicle was recovered intact. Postflight inspection of 
the physical appearance of the heat shield did not provide any conclusive 
evidence concerning the tape joints. There was no consistent surface ir
regularity that could be observed. Tape laps, holes, and exposed threads 
were all present to some extent. 

The recovered RTE ATJ-S graphite nosetip revealed a turbulent flow 
type of erosion pattern with excessive shoulder erosion, which took place in 
a region from about 30 degrees to 60 degrees from the stagnation point. 
Approximately O. 30 inch of stagnation point ablation was measured, while 
sidewall ablation was less than O. 005 inch at the base of the nosetip (two 
inches aft of the stagnation point). 

Aerodynamic analysis of the flight data indicated that the vehicle de
monstrated good static and dynamic stability. The spin rate passed through 
a momentary condition of roll resonance sometime after payload separation. 
At this time the total angle of attack diverged to approximately 1.8 degrees 
but subsequently damped after the resonance condition. A trim angle of 
attack of 0.20 degree was experienced. In addition, the vehicle exhibited 
20 percent more drag than anticipated, while the static stability was lower 
throughout the flight. A forward movement of the center of pressure by 1 
to 2 percent at Mach numbers of 3 and 8 and as much as a 3 percent forward 
movement at Mach 6 were determined. The trim angle, higher drag, and 
lower static stability may all be attributed to the nosetip erosion pattern. 
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ROLL TORQUE EVALUATION (RTE) VEHICLE 
POSTFLIGHT TEST REPORT 

Introduction 

Flight tests of full-scale reentry vehicles with tape-wrapped carbon 
phenolic heat shields (TWCPs) have. on many occasions. shown large ex
cursions in spin rate. 1. 2 These anomalous roll rate variations include 
spin through zero and the attainment of roll resonance. both of which can 
degrade system performance. Spin through zero can produce considerable 
impact dispersion. 3 while steady-roll resonance can result in excessive 
aerodynamic loading. as well as dispersion. 4.5 The cause of these spin 
rate excursions has been the subject of intensive study. Ablation-induced 
phenomena have been given extensive treatment in the literature. 6, 7, 8 
These studies have postulated a mechanism for producing surface irregul
arities due to the aerodynamic flow pattern. which in turn leads to signifi
cant rolling moments. Observations made in ground test facilities have 
substantiated the development of patterns (including streamwise vortex 
grooving, turbulent wedge erosion. and cross-hatching) on conical wind 
tunnel models made of camphor and naphthalene. 

It has been determined. however. that another source of rolling 
moments is dependent on the material of which the thermal shield is con
structed. rather than on the aerodynamic flow pattern. Analysis of flight 
test data suggests a strong correlation between the direction of wrap on 
TWCP heat shields and the vehicle spin rate performance. Seams or tape 
edges produced in the manufacture of the shield tape wrap material have 
been postulated as a source of roll torque. These edges typically become 
exposed at or near boundary layer transition for reentry trajectories (or at 
the onset of significant aerodynamic heating and ablation) and. once exposed, 
act as small aerodynamic surfaces which produce significant roll torques 
and spin excursions. Thus the ablation pattern and resulting roll torques on 
these types of shields depend on the surface recession only and not on the 
existence of a particular aerodynamic flow pattern. Based on this line of 
reasoning (the assumption that a step or "finlet" develops at each tape lap), 
several analytical models explaining observed flight performance have been 
formulated. 2. 9. 10. 11 
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Although there is an abundance of theoretical work on this phenomenon, 
the problem facing the analyst is that good quantitative verification has been, 
to date, quite difficult. The application of these models to existing flight 
test data has been to some extent limited because of uncertainties in manu
facturing process control on the vehicle tested, data acquisition, and alter
nate flight test objectives. Furthermore, in most cases it has not been 
possible to separate the roll torques that are purely heat-shield-induced from 
those caused by other sources, such as trim-CG offset effects. In ground 
test facilities (wind tunnels), it is not possible to simulate a realistic flight 
environment (that is, one severe enough to produce ablation on the heat 
shield of interest while providing the proper Mach and Reynolds numbers) 
and measure aerodynamic rolling moments. Additionally, it is important 
that conditions of mass blowing be simulated. 

A further complication in formulating analytic models is that, since 
heat shields have not been recovered intact, the character of the exposed 
aerodynamic surface is not known and remains a modeling uncertainty. 

Since TWCP heat shields possess excellent thermo-structural proper
ties at relatively low cost, they have been widely used in reentry system 
application. However, owing to the ablation-induced roll torque phenomenon, 
system performance can be, and has been, severely degraded. It is impor
tant, therefore, that a theoretical understanding of this mechanism and its 
effect on flight performance be obtained and verified. The important par
ameters can then be identified, and some insight can be provided to obtain a 
more predictable (controllable) performance through shield construction, 
process control, etc. 

The roll torque evaluation (RTE) program, initiated in November 1973, 
was designed to obtain accurate rolling moment data on an ablating TWCP 
heat shield in flight. The heat shield was manufactured under stringent 
process control to eliminate wrap uncertainties, and the test vehicle was 
designed with a large static margin and close mass properties control to 
minimize extraneous roll torques. 

The Sandia Talos-Terrier-Recruit (TATER)12 rocket was chosen as 
the boost system, since it provides flight conditions severe enough to produce 
considerable aerothermodynamic ablation. The vehicle performance was 
therefore observed under conditions closely simulating reentry, and roll 
torques were measured under blowing conditions. 

The flight test took place on May 9, 1974, at the Sandia Laboratories 
Tonopah Test Range (TTR). All major test and program objectives were 
accomplished. Booster performance was nominal, as was payload separation. 
Sufficient ablation took place to expose the torque-producing surfaces, and 
the rolling history was observed, along with the flight motion and aero
thermodynamic response. The payload was recovered intact by means of a 
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parachute recovery system. This report presents a complete description 
of the program and flight system, along with an analysis of the flight data. 
The flight data and analysis are also supplemented extensively with theo
retical calculations in order to provide a more complete presentation. 

RTE Program Objectives 

The purpose of the roll torque evaluation (RTE) program was to obtain 
an understanding of the nature of ablation-induced surface irregularities on 
tape-wrapped carbon phenolic (TWCP) heat shields on reentry vehicles and 
their associated effect on aerodynamic rolling moments and spin rate. To 
accomplish this. a flight test was conceived in which a reentry vehicle 
(manufactured under stringent process control) would be flown in an environ
ment severe enough to produce surface ablation of sufficient order to expose 
the aerodynamic surface irregularities. Spin rate of the reentry vehicle 
was measured in free flight. while the adverse effects of trim-CG induced 
roll torques were mitigated by mass properties control and a large static 
margin (about 15 percent). Such an approach reduces measurement un
certainty. The design was evaluated in terms of the following program and 
flight test objectives: 

1. Determine the vehicle spin rate change and rolling moment 
coefficient caused by the ablated TWCP s'urface irregularities 
in a flight environment closely simulating reentry conditions. 

2. Determine heat shield surface recession and degree of tape lap 
exposure. and correlate with the roll torque experienced. 

3. Recover the reentry vehicle for postflight investigation to as
certain the nature of the surface irregularities and to conduct 
postflight ground testing, if warranted. 

4. Demonstrate the utility of the TATER system for free-flight 
reentry vehicle dynamics experiments while developing a 
capability for payload /booster separation. 
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RTE Flight System Description 

Booster 

The booster employed for the RTE flight experiment was the TATER 
rocket system shown in Figures 1 and 2. This system consists of a Talos 
first stage, a Terrier second stage, and a Recruit third stage. Designed 
to achieve high velocities at low altitudes, the boost system was developed 
by Sandia Laboratories, Albuquerque, in support of the SAMS (Sandia 
ABRES Materials Study) program. 12 

The complete system was first successfully flown in August 1973. It 
attained nominal burnout conditions of 11,000 ft/s velocity at about 11 kft 
altitude mean sea level. For the RTE flight test, the rocket motors were 
separated by aerodynamic drag, and the payload was deployed from the 
third-stage adapter by a specially designed separation system (to be de
scribed later). 

Flight Vehicle>:< 

A schematic of the flight vehicle is given in Figure 3, and a description 
of the physical properties is provided in Table I. The test vehicle was a 
7-degree half-angle cone with a 9. 5-inch base diameter, a 1. 06-inch nose 
radius (bluntness ratio of 0.223), and a total weight of 86 pounds. In order 
to minimize the effects of extraneous roll torques (from a combination of 
trim angle and center-of-mass offset) the vehicle was designed to have a 
14 percent static margin (to reduce trim angle) while the CG offset was 
held to less than 0.001 inch by careful balancing. The details of the flight 
vehicle design are shown in Figure 4. 

The nosetip is a standard plug type constructed of Union Carbide AT J - S 
graphite. These tips are fabricated for reentry testing by Sandia and typically 
follow a nondestructive evaluation and annealing program which minimizes 
flaw content and maximizes uniformity. The RTE flight and backup nosetip 
followed such a procedure, as outlined in Reference 13. In the assembly, 
after the tip has been properly aligned in the test unit, it is bonded to the 
heat shield-substructure using a high-temperature bond (in this case Epon 
934 ® ). The nut threaded to the nosetip material is not an alignment feature 
but serves as a capturing device to ensure that the nosetip will not slip off 
during parachute deployment in the event of a bond failure. 

>!<The payload was designed by B. D. Pontsler, Division 8165. 

®aegistered trademark of Shell Chemical Co., New York. 
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ALL DIMENSIONS IN INCHES 
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Figure 3. Roll Torque Evaluation Vehicle Schematic 
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TABLE I 

FLIGHT VEHICLE PHYSICAL PROPERTIES 

Cone Half Angle, () _ c 

Bluntness Ratio, y/ 

Nose Radius, RN 

Base Diameter, DB 

Vehicle Actual Length, L 

Weight, W 

Center-of-Gravity Distance, XCG 
From Nose (54% of Length) 

Pitch Moment of Inertia, Iy 

Yaw Moment of Inertia, I
Z 

Roll Moment of Inertia, I:x 
Static Margin (at M = 10) 

Radial CG Offset 

0.223 

1. 06 in. 

9.5 in. 

31.04 in. 

89.74 lb 

16. 783 in. 

2 
1. 3989 slug-ft 

2 
1.3978 slug-ft 

2 
O. 1019 slug-ft 

13% of length 

<0. 001 in. 

The heat shield was constructed of tape-wrappedcarbon* phenolic 
(TWCP) with a nominal thickness of 0.400 inch. A description of the TWCP 
manufacturing process is given in Appendix A. Table II lists the carbon 
phenolic tape 'and wrap properties. A nominal O. 025-inch Epon 934 bond was 
used to bond the heat shield to a O. 050-inch stainless steel substructure. A 
positive wrap>:<* was employed over the aft 21. 5 inches of the heat shield 
while the forward 7.44 inches had a neutral wrap. A neutral wrap is ac
complished by alternating positive and negative wraps in zones of approxi
mately 2 inches in length. With this fabrication process, the total heat 
shield will produce a positive roll torque that will cause the spin rate to 
increase in the positive direction. 

*CCA-2[1641]-10 Carbon Cloth. The RTE heat shield was fabricated by 
Hitco. 

*>:<A positive wrap is defined as one which, because of the alignment of the 
tape lap surfaces, produces a roll torque on the vehicle which is in a 
clockwise direction when viewed from the rear. 
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TABLE II 

NOMINAL RTE TWCP HEAT SHIELD WRAP PROPERTIES 

Length Between Laps, LS 44 in. 

Bias Angle, I/J S 45 deg 

Initial Tape Thickness, T 0.020 in. 

Layup Angle 20 deg 

Tape Width 2 in. 

Heat Shield Thickness 0.040 in. 

A parachute recovery system* was included and packaged in the aft 
end of the flight vehicle. The recovery system consisted of a 2-foot
diameter pilot parachute and a 7-foot-diameter main parachute. This 
combination of parachutes was the largest that could be packaged in the 
volume available. Initial deployment was nominally set at 45 seconds after 
launch. Impact velocity did not exceed 50 ft! s. 

Payload Adapter and Separation System~:<~.< 

The payload adapter and separation system design is shown in 
Figure 4b. With this design, the flight vehicle is held to the missile adapter 
system by a spring clamp, which in turn is locked in place with a bolt 
through a serrated plate and attached to an explosive nut. Separation of the 
payload fr.om the missile is initiated by the explosive separation nut. De
struction of the nut allows the clamp to spring free from the payload flange. 
Two coil springs attached to the adapter provide the necessary axial force 
for clearing the payload from the missile adapter. Ground and flight test data 
and photo observations indicate that the system performed nominally. The 
concept was therefore verified for use on future testing. 

*Designed by D. W. Johnson, Parachute Systems Division 1332 • 
• 

*~<System designed by R. D. Fellerhoff, Mechanical Design DiviSion, 1324. 
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Instrumentation and Telemetry 

The RTE telemetry system was designed to function (1) as a data 
acquisition system to monitor and transmit the payload flight dynamic and 
thermodynamic data and (2) as a firing circuit to provide the proper timing 
and sequencing for the rocket motor, separation system, and parachute de
ployment initiators. A complete description of the telemetry and instru
mentation system is presented in Appendix B and in Reference 14. 

Onboard instrumentation was designed to provide a detailed evaluation 
of vehicle flight dynamics, the primary data being spin rate. The RTE 
telemetry system, which includes a tri-axis rate gyro, linear accelerometers, 
and thermocouple stacks, is summarized in Table III. The rate gyro and 
lateral accelerometers are used to provide vehicle static and dynamic sta
bility data. Axial accelerometers provide vehicle drag and trajectory infor
mation. One of the lateral accelerometers was offset 2 inches from the 
vehicle centerline in order to provide a backup measurement of spin rate. 
The thermal stacks were designed to measure heat shield in-depth temper
ature profiles at different locations and to monitor the progress of heat 
shield surface recession due to ablation. Four thermal stacks were included 
in the payload, three of these along one body meridian (designated the 0-
degree meridian) at axial stations which are 19.0, 22. 75, and 28.5 inches 
from the actual nose. An additional stack is located 28.5 inches from the 
nose at the 180-degree meridian. Each stack provides measurements at 
depths of 0.020, 0.040, and O. 10 inch from the heat shield outer surface. 
Nominal ablation during the flight range of interest was to exceed the depths 
of the first two thermocouples. 

Range Instrumentation and Support 

The RTE system flight test took place at the Sandia Tonopah Test 
Range on May 9, 1974. A general description of the range facilities and 
operation is presented in Reference 15. Specific details and operating 
procedures pertaining to the RTE flight test are contained in Reference 16. 
Complete hazards information and safe operating procedures are given in 
Reference 17. 

Preflight Qualification Testing 

Environmental and qualification testing was performed on the payload 
and its subsystems. These tests were intended to qualify the payload to the 
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TABLE III 

RTE INSTRUMENTATION (PAYLOAD) 

Measurement 

Vehicle Dynamics 

Roll Rate 

Pitch Rate 

Yaw Rate 

X-Acceleration 

X-Acceleration 

Y -Acceleration 

Z-Acceleration 

Y -Acceleration 
(offset 2 in. 
from vehicle 
centerline) 

X-Acceleration 

Thermodynamics 

Range 

±3600 deg/s 

±400 deg/s 

±400 deg/s 

±100 g 

±50 g 

±50 g 

±50 g 

±40 g 

-75 to +125g 

Thermal Stacks (4)· 1295° to 2295°F 
(three measure-
ments each) 

Thermocouples (4) 0°-500°F 

Sampling Rate 

2 kHz continuous and 60 SPS 

2 kHz continuous and 60 SPS 

2 kHz continuous and 60 SPS 

1 kHz continuous and 60 SPS 

1 kHz continuous and 60 SPS 

1 kHz continuous and 60 SPS 

1 kHz continuous and 60 SPS 

1 kHz continuous and 60 SPS 

60 SPS 

20 SPS 

20 SPS 
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expected flight environment and to perform proof tests of the system mech
anical and electrical designs. The environmental testing performed on the 
flight vehicle is summarized in Table IV. The flight unit was successfully 
qualified to the levels shown. Additionally, the firing circuit and design 
qualification tests were performed to satisfaction. 

Trajectory Analysis 

General Flight Characteristics 

The nominal flight trajectory sequence of events and altitude history 
are illustrated in Figure 5. The TATER booster system consists of a Talos 
first stage having a nominal burn time of 5. 5 seconds, a Terrier second 
stage with a nominal burn time of 4.0 seconds. and a Recruit third stage 
with a nominal burn time of 1.5 seconds. Booster staging and separation 
are accomplished by aerodynamic drag. 

Payload separation is accomplished through the release mechanism 
described in a previous section. A nominal separation acceleration of 5g 
between booster and payload was obtained. The separation mechanism was 
initiated after a delay of 0.65 second after a 20-g deceleration was sensed. 
This delay is to ensure that payload release will not take place until after 
the third stage is completely burned and no residual thrust is present. 

Approximately 45 seconds after launch (33 seconds after payload sepa
ration). a 2-foot diameter pilot parachute was deployed. This was followed 
at t=55 seconds by a 7-foot-diameter main parachute. 

The boost-phase trajectory18 was computed with the Air Force 6DOF 
trajectory program. A desired payload separation spin rate of -50 rad/ s 
(negative spin rate is counterclockwise when viewed from the rear) was to 
be obtained by introducing a fin cant on the first- and second-stage boosters. 
During second-stage burn a brief roll resonance was experienced. However. 
this is not significant because of the rapid passage of the spin rate through 
the natural pitch frequency. 

The ballistic computations and impact dispersions are summarized 
in Appendix C. 
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TABLE IV 

SUMMARY OF RTE AND RTE SUBSYSTEMS 
ENVIRONMENTAL AND QUALIFICATION TESTING 

Environmental Tests 

1. Resonance Survey: 0.5 g from 20 to 2000 Hz. sweep rate of 
1 octave/minute, in longitudinal axis and lateral axis 

2. Vibration: O. 03 g2/Hz. 20 to 2000 Hz for 30 seconds in 
longitudinal and lateral axis 

3. Acceleration: +100. -60 g along longitudinal axis 
± 30 g along lateral axis 

Qualification Tests 

1. Parachute Cover: Fire explosive bolts (Holex 2504) releasing 
spring-loaded cover and observe deployment. 

2. Separation Test: Fire the TC26 separation system initiator 
releasing the separation ring and observe deployment. 

3. ESD Test: Observe acceleration level of ESD closure~ 

4. Full Firing Circuit Test: Perform a complete firing circuit 
test in which all initiators (Terrier motor. Recruit motor. 
separation system, parachute cover) are fired in sequence. 
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Figure 5. RTE Trajectory Events 

20 

31 



Flight Trajectory Data 

The flight vehicle trajectory is reconstructed from the ground-based 
radar and the payload telemetry data. These data, in conjunction with tra
jectory simulations, are used in establishing the payload separation con
ditions, as well as the time history of the trajectory performance variables. 
The radar-measured position and velocity are used primarily to establish 
the boost phase trajectory and payload separation conditions. Since the 
payload presents a relatively poor target for both radar and optical ground 
stations, tracking was lost shortly after payload separation. 

Two onboard accelerometers (aboard the payload) were used to monitor 
the axial acceleration history during boost and free-flight stages. Data 
provided by these two instruments are shown in Figures 6 and 7. These ac
celerations (excluding any instrument bias) may be integrated to determine 
the axial velocity history. Since the ±50 g accelerometer became saturated 
at approximately t ::: 10 to 12 seconds, it was not used to determine the 
velocity history. The ±100 g instrument was used for this purpose. The 
axial velocity history is considered equal to the total velocity, since the 
angle of attack remains small for the duration of the trajectory. 

The results of the trajectory reconstruction are summarized in 
Figure 8, which shows the altitude and velocity history determined from 
the 12-36 radar. 19 Only the boost phase is available, since the payload 
was not tracked after separation. Also shown is the velocity history obtained 
by an integration of the onboard acceleration given in Figure 7. Close agree
ment is noted. Although the data are not shown, good agreement was also 
obtained with the optical tracking system (ground-based photo cinetheodolites) 
trajectory data. 20 With this approach, the maximum environmental con
ditions achieved on the flight vehicle, as well as the separation conditions, 
were established and summarized in Tables V and VI. 

Meteorological Data 

Immediately prior to flight, atmospheric data were obtained by means 
of rawinsonde balloons released in the neighborhood of the launch area. The 
speed of sound and the air density obtained through this procedure20 are 
presented as functions of altitude in Figures 9 and 10 and are used with post
flight trajectory simulations. 
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TABLE V 

RTE TRAJECTORY MAXIMUM CONDITIONS 

Velocity 

Mach Number 

Altitude (MSL) 

Dynamic Pressure 

Nosetip Stagnation Pressure 

Nosetip Stagnation Heating (cold wall) 

Cone Surface Heating (at base) 

TABLE VI 

10, 110 ft/ s 

9.2 

10,050 ft 

85, 000 lb /ft
2 

75 atmospheres 

2500 Btu/ft2-s 

600 Btu/ft2-s 

RTE SEPARATION CONDITIONS 

Velocity 9710ft/s 

Mach Number 8. 8 

Flight Path Angle 4.25 deg 

Altitude (MSL) 10,525 ft 

Dynamic Pre~sure 77,600 Ib/ft
2 

Roll Rate -62 rad/s 
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Payload Trajectory Characteristics 

The payload trajectory characteristics computed with the SPINFIN 
trajectory simulation program21, 22 are presented in Figures 11 through 
15. These calculations, for the payload alone, were initiated at the separ
ation conditions listed in Table VI and are shown for the period from RV 
separation to parachute deployment. The flight environment is noted to 
correspond to that experienced on a full reentry trajectory from shortly 
after peak dynamic pressure to impact. This environment is severe enough 
to produce significant nosetip and heat shield ablation, as well as aero
dynamic loading. 

Aerodynamic Analysis 

Flight Motion Data 

The RTE vehicle was instrumented to provide flight motion and dy
namical data that is as complete as possible without exceeding the weight 
and volume constraints. This instrumentation was summarized in Table III 
and discussed in a previous section. 

The body-fixed components of angular rate (pitch, yaw, and roll rate) 
obtained for the tri-axis rate gyro are presented in Figures 16, 17, and 18, 
respectively. Nominal pitch rates at payload separation were less than 40 
deg/ s, and an initial spin rate of -3550 deg/ s was obtained. The initial 
motion exhibits good damping to T = 16 seconds. At this time a divergence 
to approximately 80 deg/s pitch rate and 60 deg/s yaw rate occurs. This 
divergence can be attributed to the passage of the spin rate through the 
condition of roll resonance at about T = 18 seconds. The divergence is 
temporary and good stability is noted subsequent to the peak angular rates 
as the motion damps to small rates. The spin rate begins to decrease im
mediately upon separation because of the roll-producing heat shield surfaces. 
The vehicle spins down from a peak rate of -3550 deg/ s to approximately 
-1750 deg/ s at T = 45 seconds, at which time recovery parachute deploy
ment occurs. 

Lateral acceleration histories are presented in Figures 19, 20, and 
21. In order to provide a backup measurement of spin rate, each lateral 
accelerometer was offset from the vehicle centerline. These offsets are 
listed below: 

AZ-l 
AY-l 
AY-2 

Y Offset (in. ) 
o 

1.628 
-2.0 

Z Offset (in. ) 
1.668 

o 
o 

37 



The output of these instruments may be easily corrected for their offsets 
from the centerline. Axial acceleration histories were presented in the 
previous section. 
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Roll Dynamics Analysis 

The fabrication process of the tape-wrapped carbon phenolic (,];,WCP) 
heat shield is outlined in Appendix A. As a result of this process, tape lap 
edges appear near the heat shield surface. It has been hypothesized that 
these edges, when exposed by aerothermodynamic ablation, act as small 
aerodynamic surfaces which induce a roll torque on the vehicle. Several 
theories have been formulated to describe this phenomenon (References I, 
2, 9, 10, 11). The RTE thermal shield was constructed with a positive 
wrap over the aft 21.5 inches, while the forward 7.44 inches had a neutral 
wrap. The latter was accomplished by alternating positive and negative 
wraps in zones of approximately 2 inches in axial length. With this wrap 
design, the net heat shield roll torque was expected to be positive and thus 
cause the spin rate to increase in the positive direction (clockwise where 
viewed from the rear). The flight rolling velocity history after payload 
separation indicates that this occurred. The total rolling moment coef
ficient may be obtained from the derivative of the rolling velocity history 
as follows 

(1 ) 

in which C p is the total rolling moment coefficient based on a reference 
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. 2 
7Td 

length d (base diameter), and a reference area S (base area = ""4). The 

values of C P, thus obtained are shown in Figure 22 as a function of time and 
in Figure 23 as a function of flight Mach number. At Mach 8.8 (the highest 
Mach number for free payload flight) C t was determined to be 0.44 x 10-5• 
For the RTE flight test, C t was found to increase substantially as Mach 
number decreased. However, it should be pointed out that the calculated 
value of C t becomes more uncertain with increasing flight time as a result 
of both small variation in rolling velocity and small dynamic pressure. 

Presented in Figure 24 is a comparison of RTE flight test rolling 
moment coefficient with predictions based on the theories presented in 
References 9, 10, and 11. The sharp cone theory developed in Reference 2 
was found to greatly overpredict the flight data and is not shown. A sub
stantial reduction in roll torque is apparently obtained in this Mach number 
range with blunt cones (22 percent bluntness compared with 5 percent). It 
should be mentioned that the theoretical predictions shown in Figure 24 are 
preflight predictions communicated to the author by Hall of LMSC, 9 Wells 
of Kaman, 10 and Wilson of Sandia 11 prior to the flight test. A more favor
able comparison might be achieved if actual test parameters were used. 
Future effort should be given -to obtaining improved theoretical estimates 
in view of the R TE flight data. 

Aerodynamic Drag 

The axial force coefficient may be found from the relation 

-WA 
x 

QS 
. (2) 

where Ax is the longitudinal acceleration (X axis) of the vehicle as measured 
by the onboaz:d accelerometers (expressed in g's). Since two accelerometers 
were used to measure axial acceleration, their respective outputs (shown 
in Figures 6 and 7) were averaged to provide a single estimate. The axial 
force coefficient obtained from the calculations is shown in Figure 25 as a 
function of flight Mach number. Also presented for comparison are experi
mentally determined axial force coefficients from wind tunnel testing in 
References 23, 24, and 25. In the Mach range tested, flight test C A is 
always greater than the wind tunnel values. The increase in drag might be 
attributed to the nosetip shape change due to aerothermodynamic ablation. 
The resulting shape (discussed later in the report) can produce greater 
drag in this flight regime. 
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Angular Motion 

The angular rate and lateral acceleration components in rolling body 
axes (RTE measurement system) may be used to obtain the flight vehicle 
angle of attack performance with the methods presented in References 26# 
27# and 28. Using this approach and the existing flight data# the angle of 
attack and the angle of sideslip were computed. These and the total angle 
of attack and the aerodynamic roll angle (windward meridian orientation) 
are given respectively by the following: 

a 
tot 

-1 
¢A = tan ({3/a) 

are shown in Figures 26 through 29. 

(3a) 

(3b) 

An initial angle of attack of approximately 2. 6 degrees due to booster / 
payload separation is seen to exhibit good damping. An angular divergence 
to approximately 1.8 degrees beginning at T = 17 seconds is attributed to a 
momentary roll resonance at T = 18. 5 seconds. At this time the roll rate 
becomes equal to the vehicle natural pitch frequency# and a trim-angle-of
attack amplification takes place. The passage through resonance is nominal 
and sustained roll resonance is avoided. The angle of attack subsequently 
exhibits good static and dynamic stability and converges to small values by 
T = 23 seconds. 

An investigation of the pitching and yawing velocities of Figures 16 and 
17 indicates that after convergence of the angular disturbance w:hich occurs 
at T = 18.0 seconds# a pitching rate offset of approximately 8 deg / s with 
essentially no yawing rate offset is present. Assuming this offset is due 
to trim# a trim angle of approximately O. 2 degrees was calculated as being 
present. 

Static Stability 

In order to analyze the stability characteristics of the RTE flight data# 
a differential corrections curve fit was made to the angular rate data. From 
References 26# 27# and 28# the equation 

(4a) 

.... 
where q = q + ir is the complex pitching velocity with q and r being the body 
pitching and yawing velocities as measured by the rate gyros# may be fit to 
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Figure 26. Angle-of-Attack History (Computed From Flight Data) 
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Figure 27. Angle-of-Sideslip History (Computed From Flight Data) 



Figure 28. Total Angle-of-Attack History (Computed From Flight Data) 

TIME 

Figure 29. Aerodynamic Roll Angle History (Computed From Flight Data) 
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the flight data. From this fit, the static stability coefficient 

= oC loa 
m 

may be computed from the motion frequencies. The C resulting from 
ma 

(4b) 

this process is presented in Figure 30 as a function of flight Mach number. 
Also shown are wind tunnel measured values of C from References 23, 

ma 
24, and 25. The wind tunnel measurements are found to be in good agree
ment with the theoretical methods for static stability determination given 
in References 29, 30, and 31. Flight test values of C are seen to be 

ma 

lower (thus indicating less stability) than wind tunnel values. 

A more meaningful measurement of the RTE static stability may be 
expressed in terms of the aerodynamics center of pressure X • This can cp 
be expressed in terms of C and the normal force coefficient derivative 

ma 
C , as follows: 

na 

= C (X - X )/d 
na cp cg 

(5) 

The normal force coefficient, determined from the wind tunnel data (Refer
ences 23, 24, and 25), is given in Figure 31. The aerodynamic center of 
pressure resulting from Equation (5) is shown in Figure 32 as a function of 
flight Mach number. For convenience in determining the static margin, 
the center of gravity is also shown. Both X and X are expressed as a 

cp cg 
percentage of body length from the actual nose. Since the angle of attack 
converged to very small values at certain times during the flight, the dif
ferential corrections curve fit to the angular rates was not possible during 
these times. Consequently, the flight values of C and X were only 

ma cp 

determined at the Mach numbers shown in Figures 31 and 32. The test 
vehicle was determined to have a minimum static margin of approximately 
7 percent at Mach 3. The test data indicate a reduction of 1 to 2 percent in 
X at Mach 3 and Mach 8 and as much as 3 percent at Mach 6. The loss in cp 
stability, although not detrimental to test objectives, may be attributed to 
the erosion pattern of the nosetip. 
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Using the flight-test-derived values of C and the rolling moment 
rna 

coefficient C £. (determined previously). the trajectory simulation resulted 
in the spin rate and natural pitch frequency (P 0t) histories shown in 

crl 
Figure 33. The resonance encountered at T = 19 seconds is clearly in
dicated. . other flight vari abIes such as angle of attack were equally well 
determined by the trajectory simulation. A summary of these computations 
is presented in Appendix D. 

Aerothermodynamic Analysis 

Aerothermodynamic instrumentation for RTE consisted of four thermal 
stacks. each having three thermocouples located at depths of 0.020. 0.040, 
and 0.100 inch from the heat shield outer surface. These stacks were lo
cated at stations 19. O. 22.75. and 28.50. Three of the stacks were damaged 
during the several assemblies and disassemblies of the flight vehicle during 
ground testing and other. preparations for flight testing; no flight data were 
obtained with the damaged instruments. However. the data from one full 
stack (three thermocouples) located at station 19.0 was obtained. A time 
history of the heat shield temperature at three depths from the outer surface 

52 



120r---T-~----~------r-----~----~------r---~ 

~100 
C « 
0: 

>-
U 

~~ 80 
c::J 
«0 
O:w 
;:;;-0: 
/-Uo 

~ i3 60 
z!::: 
-0.. 
o.....J (fl« 
l 0: 

o..~ 40 
« z 
l 

~O 

NATURAL PITCH FREQUENCY (Perit ) 

SPIN RATE (P) 

45 

TIME (5) 

Figure 33. RTE Spin Rate and Natural Pitch Frequency History 

was obtained. These data also monitored the progress of thermochemical 
ablation of the heat shield. In addition, one other thermocouple (located at 
station 28.5 at 0.10 inch from the surface) also provided temperature data 
during flight. 

Although the thermal instrumentation was limited, it does provide 
sufficient information to ascertain the amount of ablation obtained, as well 
as to verify calculational techniques. To provide a more completerepre
sentation of the heat shield and nosetip response, the flight thermodynamic 
data will be augmented substantially and, where permissible, compared 
with analytical calculations. 

Heat Shield Thermal Data 

The temperature response of the heat shield at station 19 is presented 
in Figure 34. The three thermocouples (T-3, T-4, and T-5) were nominally 
located at depths of O. 020, 0.040, and 0.100 inch, respectively. At T :: 12 
seconds, burnthrough was detected at T-3 (0.020 inch) while T-4 (0.040 inch) 
was detected to burn through at T ::: 13 seconds (at payload separation). 
Ablation is therefore considered as having advanced to these heat shield 
depths at the times indicated. T-5 measures the temperature at O. 100 inch 
at the 19.0 inch station, while T-14 is also located at 0.100 inch but at the 
28.50 inch station. T-5 has an upper limit of 1300°F and therefore is 
saturated between T = 16 and 24 seconds. 
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Theoretical Heat Shield Aerodynamic Heating 

40 

The cold wall (T = 537°R) nonablating aerodynamic heating rates were 
w 

calculated with the SCORCH code, 32 using the nominal trajectory and as
suming fully turbulent flow. Calculations were performed for the 2.0, 7.0, 
12.0, 19.0, 22.75, and 28.50 inch stations, the last three stations cor
responding to the location of the heat shield thermal stacks. 

Figure 35 presents the cold wall heating rates as a function of time 
from lift-off until parachute deployment for stations 2. ° and 9. O. The 2.0-
inch station is immediately aft of the graphite nosetip. Peak heating is 
calculated as occurring at each station at the end of the third-stage burn. 
A maximum heating rate of 1275 Btu/ft2-s occurs at the forward station, 
while aft of the 9-inch station (the section of heat shield having full positive 
wrap), the peak heating is approximately 600 Btu/ft2-s. 

A peak surface pressure of 3.6 atmospheres occurs at the 2-inch 
station at third-stage burnout. This decreases to approximately 1.6 atmos
pheres at the 28. 5-inch station. 
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40 

The CMA 33 computer code was used in the heat shield ablation and 
thermal analysis. The calculated temperature response of the thermal 
stacks is presented in Figure 36. A thermal stack is located at each of 
three body stations (stations 19.0, 22.75, and 28. 5). Two stacks are at the 
28.5 station. Each stack has thermocouples at depths of 0.020, 0.040, 
and O. 100 inch from the heat shield surface. Note that the outermost 
thermocouples in each stack may be used to mark the progress of heat 
shield ablation and that burnout for the first thermocouple of each stack 
is seen to occur at about payload separation (T = 13 seconds). Calculations 
also indicated that peak backface temperatures did not exceed 400°F for 
the duration of the flight. 

Favorable agreement is obtained with the analytical calculations. 
Figure 36 may be compared with the measured values (T-3, T-4, and T-5) 
in Figure 34. Further comparison can be made with the innermost thermo
couple T-14 and the calculation shown in Figure 36c. In each case the 
theoretical values are in good agreement with the flight-test measurements. 
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Figure 37 presents the calculated recessions for the 2. O-inch station 
and the full positive wrap section (aft of station 9). A maximum recession 
of O. 166 inch occurs at the 2. O-inch station and approximately 0.07 inch 
aft of station 9. For all stations, the recession is greater than O. 015 inch 
at third-stage burnout. It is important to note that this recession is of the 
order of the tape lap height, so that the heat shield surface perturbations 
are fully developed at the beginning of the free flight portion of the trajectory. 
The flight recession data, given by burnthrough on thermocouples T-3 and 
T-4, are also shown in Figure 37. The test data indicate that the ablation 
achieved by payload separation was sufficient to produce complete exposure 
of the tape laps. 

Recovered RTE Heat Shield 

Figures 38, 39, and 40 show the condition of the recovered RTE thermal 
shield. Considerable delamination was noted along the full length of the test 
vehicle. Close examination of the condition of the heat shield did not reveal 
the clear and distinctive presence of tape joints, holes, or any other obvious 
surfaces. An occasional lap was detected but at a much lower frequency 
than expected. In a few cases, the thread used to stitch the tape joints was 
found protruding from the surface. Some holes in the shield were also 
observed. No conclusive evidence in favor of any type of surface pro-
trusion was obtained. 
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Figure 40. Recovered RTE Heat Shield 
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Nosetip Performance 

Since there was no nosetip instrumentation used on RTE, the dis
cussion in this and the following section is based on analytical calculations 
for temperature, ablation, and structural response of the nosetip. The 
nosetip was recovered intact and achieved a turbulent heating shape as 
shown in Figures 41 through 45. Figure 46 reveals the presence of small 
grooves along the length of the nosetip. Measurement of the stagnation 
point revealed approximately 0.30 inch of erosion. Sidewall erosion was 
small at the aft end of the tip (approximately 0.005 inch). Shoulder erosion 
between 30 degrees and 60 degrees from the 'stagnation point was severe 
and asymmetrical. This erosion asymmetry could account for the presence 
of a small trim angle which was amplified to approximately 1.8 degrees 
during roll resonance. The higher-than-expected drag coefficient may also 
be attributed to the nosetip shape change. The amount of erosion may be 
compared with the preflight nosetip profile in Figure 47. 

The SCORCH
32 

computer code was used to calculate flowfield char
acteristics and aerodynamic heating. Figure 48 illustrates the pressure 
and cold wall heat flux at the stagnation point, and Figure 49 shows the cold 
wall heat flux at a surface 0.75 inch downstream of the stagnation point for 
both laminar and turbulent flow. The heating computations were carried out 
for a number of possible situations. These included (1) fully turbulent flow 
over the entire nosetip; (2) laminar flow to the "tangency-point" and turbulent 
flow from there on; (3) fully laminar flow for the first 11 seconds of flight, 
then complete and instantaneous transition to turbulent flow. The third 
situation is included in the analysis, since it is assumed to represent a 
worst case from the thermal stress viewpoint. 

The material ablation, surface recession, and in-depth heat conduction 
were calculated using the ASTHMA 34 code. The time interval considered in 
the computations included the first 34 seconds of the flight. After this time 
the heat transfer and recession rates are at least an order of magnitude less 
than their peak values. Figures 50 through 52 illustrate the predicted nose
tip profiles at various times during the flight for the three situations con
sidered. Both the fully turbulent and transition calculations predict similar 
"final" nosetip profiles which result from 0.15 inch and 0.30 inch of recession 
at the stagnation point and 0.100 inch downstream, respectively. The reces
sion for fully turbulent flow was also calculated using the Sandia model35 for 
enhanced recession due to particulate removal. This resulted in about a 50 
percent increase in recession. Figures 53 through 55 show the temperature 
distributions along the nosetip centerline for the three cases considered. 
The fully turbulent case results in the highest temperatures; the transition 
case gives tl}e steepest gradients; and the laminar-to-tangency point case 
is the least severe. 
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Figure 41. Recovered RTE Nosetip (0° Orientation) 
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Figure 42. Recovered RTE Nosetip (90 0 Orientation) 
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Figure 43. Recovered RTE Nosetip (180 0 Orientation) 
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Figure 44. Recovered RTE Nosetip (270 0 Orientation) -
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Figure 45. Comparison of Preflight and Postflight Nosetip 

67 



Figure 46. RTE Recovered Nosetip Showing Longitudinal Groove Patterns 
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As a check on the ASTHMA in-depth conduction calculation, the 
COUPLE36 code was used to reevaluate the nosetip in-depth thermal re
sponse. COUPLE, a finite-element conduction code, cannot account for 
ablation, so the surface temperature histories determined in the ASTHMA 
calculations were used as boundary conditions and the surface recession 
was neglected. The results of the COUPLE calculations (summarized in 
Reference 37) were used for the thermal stress analysis, since it is be
lieved that the more sophisticated nature of the COUPLE conduction analysis 
results in a more reliable estimate of the internal thermal response. 

Nosetip Thermal Stress Analysis 

The analysis of the RTE plug nosetip used thermal data from the three 
different trajectories calculated in the previous section (fully turbulent, 
initially laminar with transition to turbulent at 11 seconds, and continuously 
laminar on the forward radius changing to turbulent at the tangency point). 
The detailed analysis is presented in Reference 38. Only the final results 
are given here. 

U sing a straightforward maximum stress failure approach, the fully 
turbulent trajectory (the worst case analyzed) with the temperature distribu
tion shown in Figure 56 gives a peak stress of 4553 psi (circumferential) 
and 3777 psi (axial)at a point 0.74 inch from the front surface, as seen in 
Figure 57, with a temperature of 1731°F, 13.5 seconds after launch. While 
this level is above room temperature failure stress levels, the higher 
temperatures increase the ultimate stress, and a linear interpolation be
tween 20' values at 1500°F and at 2000°F (Reference 39) gives an ultimate 
tensile strength value at 1731°F of 4636 psi (circumferential) and 4079 psi 
(axial). The desired margin of safety was thus provided. 

While this thermal stress failure analysis may appear sufficient, it 
may not prove adequate in a strain-driven problem. A strain failure analysis 
for temperature lower than 2500°F gives, for the fully turbulent trajectory 
at 13.5 seconds after launch, a peak strain state of 0.24 percent in the axial 
direction and 0.18 percent in the radial direction at 0.93 inch from the front 
surface, with a temperature of 1456°F as seen in Figure 58. This condition 
is well within a 95 percent probability of triaxial tension failure criteria. 

While peak strains were being considered, an interesting biaxial state 
of strain was found. For the trajectory which turns from laminar to turbulent 
at 11 seconds (immediate jump to peak heating rate) at a temperature of 
3556°F, there exists a biaxial state of strain in a ring section about O. 15 inch 
behind the front surface at a radius of O. 43 inch. This state consists of O. 30 
percent strain normal to the surface and a compressive strain of about -0.39 
percent parallel to the surface. Little is known about failure in this type of 
strain state, but as the plug gets hotter, the strain state improves. 
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APPENDlX A--RTE HEAT SHIELD CONSTRUCTION 

The thermal shield was constructed of tape-wrapped carbon phenolic 
(TWCP). The steps used in manufacture of the tape are illustrated in 
Figure A-l. In this process, the heat shield material is made from phenolic
impregnated carbon cloth. The material is cut on a 45-degree bias in order 
to maximize the stretch capability of the cloth. The resulting trapezoidal 
sheets are overlapped and sewn together as illustrated, thus forming rolls 
which are approximately 40 yards long and 32 inches wide. These have 
diagonal laps which run at an angle of 45 degrees to the tape and appear 
every 44 inches. The rolls are then run through slitting machines to produce 
two~inch-wide tapes which are used to construct the heat shield in the 
manner shown in Figure A-2. The cloth is wrapped around a conical mandrel 
to produce the 20-degree layup shown. Note that the overlapping seams (tape 
joints) have a 45-degree orientation relative to a longitudinal ray along the 
RV surface. The wrapped shield is illustrated schematically in Figure A-3. 
Although not true to scale, the schematic does show the presence of the 
small tape lap edges resulting from the process. These edges, when exposed, 
act as small aerodynamic surfaces to produce roll torques. 

Tape laps exist throughout the heat shield and have been observed in 
ultrasonic C-scans of the material. To complete the reentry vehicle con
struction, the wrapped heat shield is cured and machined. In the curing 
process, the tape is normally compressed from O. 020 in. to approximately 
0.014 in. The resulting outer surface is smooth, with the cavities shown 
in Figure A-3 being filled in with phenolic. For this case both inner and 
outer surfaces of the heat shield were machined. With the occurrence of 
boundary layer transition in the reentry trajectory, the aerodynamic heating 
becomes sufficient to produce phenolic removal and exposure of the tape lap 
surfaces. This postulate is consistent with flight test observations which 
indicate the initiation of roll torque at boundary layer transition. 
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Figure A-3. Schematic of Tape Wrapped Carbon Phenolic 
(TWCP) Heat Shield Showing Tape Laps 
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APPENDIX B--RTE TELEMETRY SYSTEM DESCRIPTION 

The RTE telemetry was designed to perform (1) as a data acquisition 
system to monitor and transmit the payload flight dynamic and thermody
namic data and (2) as a fire circuit to provide the proper timing and sequencing 
for the rocket motors, separation system, and parachute deployment initiators. 

Telemetry and Instrumentation 

The telemetry system for the RTE flight test program was comprised 
of a PAM/FM/FM S-band system employed to transmit environmental and 
aerodynamic data on the reentry body from launch to impact. The telemetry 
system incorporated two pulse amplitude modulation (PAM) systems, twelve 
constant bandwidth (CBW) subcarrier oscillators, one 2-watt S-band trans
mitter, a C-band transponder, a silver zinc battery, and the S- and C-band 
antenna system. The telemetry system also had the timing and firing 

. circuits necessary for activation of the TATER rocket system and deploy
ment and recovery of the reentry vehicle. The assembled telemetry system 
is shown in Figure B-1. Figure B-2 is a system block diagram and Figure 
B-3 is the telemetry system schematic diagram. Interface of the telemetry 
system with the payload is shown in Figure B-4. 

Total data capacity of the PAM systems consists of 43 0-to-5 Vdc 
channels at 30 SPS and 30 0-to-5 MVdc channels at 30 SPS rate. The VCOs 
provide 0-to-5 Vdc continuous data channels, 7 of which are capable of 1 
kHz response and 5 of which are capable of 2 kHz response. The PAM 
and VCO channel assignments for the telemetry system are shown in the 
instrumentation schedule in Table B-I. 

The S-band transmitter had a nominal two-watt output with a preset 
center frequency of 2225.5 MHz and was power-divided into a phased array 
of three S-band slot antennas located on the aft periphery of the reentry 
vehicle. The C-band transponder was incorporated into the system for 
precision radar tracking of the TATER vehicle. This transponder was a 
pulse type and was preset to receive double pulse interrogations and transmit 
a double pulse reply in the same frequency band. The transponder fre
quencies are set to 5690 MHz for receiving and to 5765 MHz for transmitting. 
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Figure B-1. RTE Telemetry System 
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Figure B-l. (continued) 
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TABLE B-1 

RTE INSTRUMENTATION SCHEDULE 

TELENETRY DATA LIST PROPOSAL 1/23/74 

H. D. SORENSEN - 8183 ROLL TORQUE EVALUATION UNIT CRTEU) 1 of 3 
___ " __ .:..:.z·t::er:1 

~i 

RTE DATA LIST I TELH1ETRY CHAl\};EL ASSIGi\':iE.\T J 
MONITOR TEST POINT I REQUIRED REQUIRED, REQ. t VCO VCO PAN I 1 

lITEM Sy}!BOL DESCRIPTION LOCATION . AG~ HEASUREMENT ACCURACY RESP. ~, CH. J ~,CH. RESPOI\SE " ACCuRACY) 

! i 
; 1 ';\:R-l !Zoll Rate STA 15.88 8362 ± 3600 0 /sec 5% CONT. 17,B 144 kHz 10,33 2 kHz 5% ~ 
, 1 , . 
I 2 ~YP-l I Pitch Rate STA 15.88 ± 400 0 /sec 15 B 128 kHz 9,32 2 kHz I ~ 
I I I I;~ 
• STA 15.88 ± 400 0 /sec :13 B 112 kHz I 8,311 2 kliz I I ' 
-, I . ' 
~ i I I I r--; I ~ ;_'_i _::;YP-2 ! Pitch Rat:e I STA 15.88 I ± 100° /sec 10 A 88 kHz 7,30! 1 kHz i, 

L_5J~YY-2 !Ya\~Rat~ __ J sTA15.881 1 ± 100
0

/sec 9A 80~~~_6,2~ 1kHz . 

3 IGYY-1 I YaI'l Rate 

I 6 r~ 1Accel X - STA 16.5 ± 100 g, J 4 A 14~k~-zr~~;4r 1 kHz 1 I 
i I I i~' I i 7 h:\:-2 ;"cce1 X STA 16.5 :': 50 g 5 A 48 kHz 2,25 1 kHz I, 
~"-I . I I 8 ,0.,-31 Aceel X __ 1 Adapter + 125 _ 75 9 60 5"-'- "-'9_8~160 kH, 11.34 60 5,P5. 1 

9 !.W-l I Accel Y STA 16.5 ± 40 g - CONT. -J6-~·1 56 kH~J 3, 261 1 kHz LJ ~ 
,~ i 'v ') Accel Y 50 I - ,,' I ~ _~~ :"d-~ (Offset) 'STA 22.75 ± g 8 A 72 kHz ~ 1 KHz I i 

ill ',\Z-1 Acce1 Z 5TA 16.5 ± 50 g 12/10/7 7 A 64 kH,14.27 1 kll' +' 
! 12 S-l Pos "G" SW TUI SYS 2.88 to 1. 5v T+lsec 30' SPS p9 B; 160 }:Hz 12 30 SPS I • ~ 

;2.3 TERT TERTI:lER, I 3.5vtoOT+4.7sec 30SPsi- I 13 30SPS i 1- i 
: 14 'fER SQ TER SQ1 FIRE 0 to 4. 5v T+4.7sec 30 spsl 14 30 SPS 't" ,~ 

15 TER SQ TER SQ2 FIRE 0 to 3 2 T+4 7 30 SPS~ 15 3:j S?SI I ~ , ; • v • sec :' I, . _. 

1S l:z::.: C T REC n:·;ER 3.5vtoO T+7.6sec 30 SPS~ ; 17 30 SPS Hi \,'; ! • I ,-

17 I REC SQ REC SQl FIRE tOto 4. 5v T+9. hsec I 30 SPsL_____ 18 I 30 SP~ L __ ..... .,,1 
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H. D. Sorensen - 8183 

MONITOR 
~TEM SYMBOL DESCRIPTION 

18 REC SQ REC SQ2 FIRE 

19 SEP T SEP TIMER 

20 SEP S2 NEG "G" SW 

21 SEP SQ SEP SQ FIRE 

22 SEP S3 SEP S~-l MON 

23 RV T RV TIMER 

24 RV SQ RV SQ FIRE 

25 BATT. 28v MON 

26 5 VDC 5v REG. 

27 CAP CAP BANK 

28 T-1 BATT. TEHP. 

29 T-3 THERMOCOUPLE 

30 T-4 

31 T-5 

32 T-6 

33 T-7 

34 T-8-

RTE DATA 

TEST POINT 
LOCATION 

TLM SYS 

STA 19.00 

STA 22.75 

TABLE B-I (continued) 

TELEMETRY DATA LIST PROPOSAL 1/23/74 _ 

ROLL TORQUE EVALUATION UNIT (RTEU) 2 of 3 

LIST TELEMETRY CHANNEL ASSIGNMENT 

REQUIRED REQUIRED REQ. VCO VCO PAM 
AGENCY MEASUREMENT ACCURAC'i RESP. CH. FREQ. CH. RESPONSE ACCURACY 

8362 Oto3.2v T+9.6sec 5% 30 SPS 19B 160 kHz 19 30 SPS 5% 

3. 5v to 0 T + 12.lsec 30 SPS 20 30 SPS 

1. 5 to 2. 5v T + l1.5sec 30 SPS 21 30 SPS 

o to 4. 5v T + 12.lsec 30 SPS 22 30 SPS 

1. 5 to 2. 5v T+12.l,sec 30 SPS 23 30 SPS 
I-

3. 5v to 0 T + 45sec 30 SPS 35 30 SPS , 

o to 4. 5v T + 45sec 30 SPS 36 30 SPS 

8183 0 To 32 VDC 30 SPS 39 40 30 SPS 

8183 0 To 5 VDC 30 SPS 41 30 SPS 

8183 0 To 32 VDC 30 SPS 42 30 SPS 

8183 38° To 165°F 30 SPS 37 30 SPS I 

8362 MAX TEMP 2295°F 20 SPS 2lB 176 kHz 1 20 SPS 

2295°F 20 SPS 2 20 SPS , 

1295°F 20 SPS 3 20 SPS 

2295°F 20 SPS 8 20 SPS 

2295°F -L SPS 9 20 SPS 
-

1295°F 20 SPS 10 20 SPS 
, -
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H. D. Sorensen - 8183 

MONITOR 
ITEM SYMBOL DESCRIPTION 

35 T-9 THERMOCOUPLE 

36 T-I0 

37 T-ll 

38 T-12 

39 T-13 

40 T-14 

41 T-15 

42 T-16 . 
43 T-17 

44 T-18 Res Therm 

45 T-19 

46 T-20 

47 T-2 Thermistor 

48 

49 

50 

51 

RTE 

TEST POINT 
LOCATION 

0 
STA 28.50 

180° 
STA 2850 

Recruit fl 

" " 

-----

-----

-----

STA 0;22.75 

TABLE B-1 (continued) 

TELEMETRY DATA LIST PROPOSAL 1/23/74 

ROLL TORQUE EVALUATION UNIT eRrEU) 3 of 3 

DATA LIST TELEMETRY CHANNEL ASSIGNMENT 

REQUIRED REQUIREr: REQ . VCO VCO PAM 
AGENCY MEASUREMENT ACCURAC" RESP. CH. FREQ CH. RESPONSE ACCURACY 

8362 Max. Temp 2295°F 5% 20 SPS 21 B 76 kHz 13 20 SPS -5% 

2295°F 14 

1295°F 15 

2295°F 17 

2295°F 18 

1295°F 19 

1295°F 21 

1295°F 22 

1295°F 23 

Max. Temp 300°F 27 

480°F 28 

480°F 29 

8183 30° to 150°F "- ~ ~ -} f {- I 
16 ! 

--



The beacon operates into a phased three-antenna array through ~ power 
divider and has a peak power output of 400 watts. The tr.ansponder, power 
divider, and antenna system were located in the adapter section between 
the reentry vehicle and the recruit rocket. At the time of RV deployment 
from the rocket motor, the beacon ceased to function, at which time the radar 
systems attempted to skin track the RV. 

The telemetry system internal power source consisted of 20 silver / 
zinc battery cells molded into a single pack. This battery is capable of 
delivering 3.5 amperes at 28.5 V for 30 minutes. 

Measurements made by this system included a three':'axis rate gyro 
(roll, yaw, and pitch), 5 accelerometers, 15 thermocouples, and 3 resist
ance thermometers (RTs). Also, there were several circuits monitoring 
the firing circuit timers and events. 

Firing Circuit Description 

The firing circuits were designed to provide signals for: 

a. Second-stage ignition (Terrier) 

b. Third-stage ignition (Recruit) 

c. Payload separation 

d. Payload recovery parachute deployment 

The TATER system and RV deployment and recovery firing circuits 
are packaged as an entity of the telemetry system and can be seen in Figure 
B-2. 

The primary power source for the firing circuits is the telemetry 
battery (28 Vdc at 1.5 Ah silver zinc cells). The initiation energy for the 
explosive devices was obtained from the discharge of a capacitor bank (4 
33.00 MF - 35 V aluminum computer grade electrolytic capacitors connected 
in parallel through UT4020 diodes for charging and discharging). Arming of 
the firing module consists of charging the capacitor bank. Arming is en
abled, first, by operating a latching-power control relay to the internal 
position, and, second, by closing the normally open contact sets of an in
tegrating acceleration (IA) switch. The IA switch (MC2034) operates upon 
experiencing an approximate 12 g-second product (velocity change), and, 
in flight, is designed to close at about O. 5 second from lift-off. The charge 
time constants are such that the capacitors are fully charged in 1. 5 se conds 
after application of voltage. 
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Firing signals are delivered to initiators by the operation of electronic 
time-delay contacts. Time delays are activated by the IA switch closure 
(recruit rocket and parachute deployment) and the positive and negative G
switch sensing device (Terrier rocket and RV deployment). An arming key 
plug is provided to complete the firing circuits to bridgewires when mated 
to the payload adapter section. 

At approximately two hours prior to launch, the second- and third
stage arming key plug was installed. At approximately two minutes prior 
to launch, the payload telemetry was turned to internal power; this enables 
the electrical arming of the firing circuits. After launch, the Talos (first 
stage) booster acceleration closes an acceleration-time interlock provided 
by the MC2034 IA switch. The firing energy source (capacitor bank) then 
starts charging. The IA switch operation time is approximately O. 5 second 
after launch. 

At launch a positive G-switch closes until decay of Talos (first stage) 
thrust. When the G-switch opens, a timer is started, 0.01 seconds later 
igniting the second-stage motor (Terrier). At Terrier (second stage) ig
nition the G-switch closes again and remains closed until the decay of 
Terrier thrust. When the IA switch closes, a time delay of 6.6 ± 0.1 
seconds is started to switch the output of the G-switch timer from the 
Terrier initiator to the Recruit initiator. When the G-switch opens again 
at Terrier decay, the timer is restarted, 0.01 second later igniting the 
third-stage motor (Recruit). When the third stage is spent, a negative G
switch is sensed at -20g for 600 milliseconds to separate the payload and 
recovery system from third stage. The parachute deployment timer is pre
set to operate in 45 seconds after IA switch closure for RV recovery oper
ation. 

97/98 



APPENDIX C--SUMMARY OF BALLISTIC COMPUTATIONS 
AND RANGE SAFETY 

The preflight ballistic computations, performed by L. R. Rollstin, 
Division 5624, and presented in References 18 and 19, are summarized in .. 
Table C-I. A complete analysis of the system impact footprint is presented 
in Figure C-1. This shows both the expected nominal and anomalous (3a') 
impact dispersion for the three booster motors and the RTE payload. 
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TABLE C-I 

SUMMARY OF TATER/RTE BALLISTIC COMPUTATIONS 

1. TATER - RTE Payload Separation Conditions 

Time 12.1 s 

Altitude· 12,400 ft MSL 

Velocity 9290 ftl s 

Mach No. 8.8 

Dyn Press 70, 900 lb Ift2 

Range 49,500 ft 

'Y 7.0 deg' 

2. Separation Acceleration (Payload and Booster) = 5 g 

.3. Recovery System Deployment Conditions 

Time 47.1 s 

Altitude 14, 900 ft MSL 

Velocity 890 ftl s 

Range 148,400 ft 

'Y - 27.1 deg 

4. Apogee Conditions 

Time 

Altitude 

Velocity 

Range 

28.1 s 

19,030 ft MSL 

2230 ft/s 

123,850 ft 

Summary of Recovery System Operation TATER/RTE 

@ Pilot Deploy 
t = 47.1 2 

Y1 = 14,900 ft v ~ 890 ftl s q = 610 lb/ft 'Y = -27.1 deg R = 148,400 ft 

@Main Deploy 
t=57.1 2 

Y1 = 12,100 ft v = 300 ft/s q ~ 70 lb/ft 

@Impact 

Y1 = 5100 ft 

100 

t :: 163. 1 s 
v = 63 ft/s 

2 
q = 4 lb/ft 

'Y = -58.4 deg R = 151,500 ft 

'Y = -90 deg R = 151, 700 ft 



Figure C-1. RTE/TATER Dispersion Areas 
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APPENDIX D--RTE POSTFLIGHT TRAJECTORY SIMULATION 
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Figure D-1. RTE Altitude History From Postflight Simulation 
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Figure D-5. Dynamic Pressure 
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Figure D-6. Pitch Angle 
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Figure D-8. Total Angle of Attack 
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Figure D-9. Aerodynamic Roll Angle 
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Figure D-13. Pitching Velocity 
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Figure D-14. Yawing Velocity 
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Figure D-15. Axial Acceleration 
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