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ENTRY TRAJECTORY, ENTRY ENVIRONMENT, 

AND ANALYSIS OF SPACECRAFT MOTION FOR THE 

RAM C-111 FLIGHT EXPERIMENT 

By William L. Weaver and John T. Bowen 
Langley Research Center 

SUMMARY * 

The RAM C-111 flight experiment was launched from NASA Wallops Station on 
September 30, 1970, to study the problem of radiofrequency blackout a t  an entry velocity 
7.407 km/sec (24 300 ft/sec). The flight is described, and data for the entry trajectory 
and environment, which include the effects of actual temperature measured the day of 
launch, a r e  presented. An analysis of entry spacecraft motions was performed. This 
analysis included the determination of wind angles from measured accelerations and 
estimates of wind angles at high altitudes from gyro-measured rotation rates. The max- 
imum wind angles were found to be less  than 5 O  to the p i n t  of pitch-roll resonance (an 
altitude of 35.052 km (115 000 ft)), where the total wind angle increased to 8 . 5 O  and the 
roll rate started decreasing. A plausible cause for the decrease in roll  rate was shown 
to be a combination of t r im angle and an offset center of gravity. 

INTRODUCTION 

RAM C-111 was  one in  a se r i e s  of flight experiments conducted by Project RAM 
(Radio Attenuation Measurements) at the Langley Research Center to study the problem 
of radiofrequency blackout associated with high-speed entry into the ear th 's  atmosphere. 
Some results of previous flight experiments are reported in references 1 to 7, and a sum- 
mary of the RAM Program is presented in  reference 8. 

The RAM C-111 spacecraft w a s  launched from NASA Wallops Station, Wallops Island, 
Virginia, by a Scout vehicle September 30, 1970. Several experiments were included with 
the objectives of comparing the effectiveness of electrophilic liquids with that of water in  
reducing radiofrequency blackout and of obtaining measurements of ion and electron con- 
centrations in the plasma sheath. Some results of this flight a r e  presented in  refer-  
ences 9 to 12. 

In the present paper the RAM C-111 flight is described, and comprehensive data for 
the entry trajectory and environment a r e  presented. The results reported will serve as' 



a base-line source for trajectory and environmental data required in  the continuing anal- 
yses  of flight data. All of the experimental data showed effects of spacecraft rotational 
motions and wind-angle changes. This paper contains an analysis of these data which can 
be used in the evaluation of the experimental data. 

The analysis includes determination of the wind angles from measured accelera- 
tions in the region of substantial aerodynamic effects and the determination of inertial 
rotations and estimates of maximum wind angles from gyro-measured rotation ra tes  in  
the, high-altitude, low-density region. A computer simulation was used to demonstrate a 
plausible cause for the significant decrease in  spacecraft roll  rate. 

SYMBOLS 

Measurements and calculations were made in  the U.S. Customary Units. (See 
appendix for  further explanation and factors for conversion to SI Units.) 

normal acceleration, -aZ 

accelerations along body axes (nondimensionalized by ear th  gravitational 
ac  celer ation) 

static pitching-moment coefficient a t  CY = 0 

slope of pitching-moment coefficient at q = 0 

static yawing-moment coefficient at CY = 0 

normal-force coefficient 

side-force coefficient 

diameter of base of spacecraft, 0.67 m (2.2 ft) 

function of quantity in parentheses 

lateral  moment of inertia, ( I ~  + 1 ~ ) / 2  

spacecraft moments of inertia 



L 

qcQ 

S 

t 

tP 

A t  

V 

V' 

W 

geodetic latitude; angle between the equatorial plane and the altitude vector 
(positive north) 

rotation rates  about X- , Y - , and Z-axes 

dynamic pressure,  p V2 Z m  

a rea  of base of spacecraft, 0.35 m2 (3.8 ft2) 

time 

time at beginning of interval for rotation and cr,p cross  plots 

time interval defined in  equation (15) 

magnitude of earth-relative velocity vector, $12 + v2 + w2 

magnitude of lateral  velocity, \ / v w  

spacecraft weight 

components of relative velocity along spacecraft X-, Y-, and Z-axes 

spacecraft body axes 

axis defined in figure 9 

measurements along xb- ,  Y-, and Z-axes in  figure 9 

displacements of center of gravity from X-axis of spacecraft 

wind angles (angle of attack, angle of sideslip, and total wind angle) 

angle between gyro spin axis and spacecraft roll  angular velocity vector 

uncertainty in direction of relative velocity with respect to inertial f rame at 
405 seconds 
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x longitude; angle between Greenwich meridian and the spacecraft meridian 
(positive east) 

Pm atmospheric density computed on basis of temperature measurements the day 
of launch 

atmospheric density based on 1962 Standard Atmosphere model (ref. 13) Po 

7 resultant inertial angle in  +,e plane, 

@' angle between negative Z-axis  and V' (positive clockwise looking forward), 
tan-l(-ay/-aN) 

+,e,@ inertial or Euler angles 

h total angular rate of change of earth-relative coordinates with respect to 
inertial frame 

WO spacecraft natural oscillation frequency 

A W  modified roll frequency 

w0/Aw resonance parameter 

Subscripts: 

max maximum value 

0 value for beginning of integration 

A dot over a quantity represents differentiation with respect to time. 

NOMENCLATURE 

Altitude 

I Earth range 

magnitude of geodetic altitude vector; geodetic height above earth 

great-circle distance along earth between launch s i te  and projected 
spacecraft position 
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Flight azimuth 

Flight elevation 

Mach number 

Radar azimuth 

Radar elevation 

Radar range 

angle between spacecraft meridian and projection of relative veloc- 
ity vector onto spacecraft horizon (positive clockwise from north) 

angle between spacecraft horizon and relative velocity vector 
(positive up) 

ratio of spacecraft velocity to velocity of sound 

angle between radar meridian and projection of range vector on 
I 

radar  horizon (positive clockwise from north) 

angle between radar  horizon and range vector (positive up) 

magnitude of range vector from radar to spacecraft 

LAUNCH VEHICLE AND TRAJECTORY 

A photograph of the RAM C-III launch vehicle on the launch pad at  Wallops Station 
is shown in  figure 1. The vehicle was launched at 20:06:29.1 GMT September 30, 1970. 
The lift-off was vertical, and the vehicle was pitched down on a flight azimuth of 1090. 
Table I lists some of the important flight events, and figure 2 shows plots of flight 
parameters.  The time scale is based on time elapsed after lift-off. The plots show the 
overlapping of the data from the principal tracking radars. 

The second-stage motor was  ignited at  zero angle of attack, and during the long 
coast between second burnout and third ignition (see fig. 2(a)), the vehicle was pitched 
down; the third stage was ignited just prior to apogee at a negative angle of attack. 
Therefore, the trajectory for the data period was uprange about 185 km (100 nautical 
miles) from that of a nominal ballistic trajectory. The indicated roll-up took place after 
third-stage burnout and just prior to fourth ignition. The purpose of rolling the space- 
craft was to minimize anomalies due to separation and thrust misalinement for the 
unguided fourth stage. A few seconds after fourth-stage burnout (an altitude of about 
141.732 km (465 000 ft)), a command signal from Bermuda initiated the start of an 
onboard programer which controlled several  subsequent spacecraft events (separation, 
liquid injection, probe retraction, etc.). Separation of the fourth-stage motor case from 
the spacecraft was produced initially by a spring-loaded device. This system was aug- 
mented by a system of two small  rocket motors designed to produce permanent 
separation. 



ENTRY TRAJECTORY AND ENVIRONMENT 

The Bermuda AN/FPS-16 radar which was tracking the C-band beacon in the space- 
craft lost signal because of plasma at about 400 seconds; the Bermuda AN/FPQ-6 radar,  
however, switched to the skin-track mode at onset of attenuation and tracked throughout 
the entire period of interest. Trajectory data obtained by the two radars prior to loss  of 
signal by the FPS-16 (see fig. 2(c), for instance) a r e  in very good agreement. All the data 
for entry trajectory and environment presented or  used in this paper are taken from the 
FPQ-6 radar. The coordinates of the FPQ-6 radar at Bermuda a r e  

Latitude, 32.348O 

Longitude, - 64.6 54' 

Radar data showing the spacecraft position relative to Bermuda a r e  shown in figure 3. 

Entry-trajectory parameters (altitude, latitude, longitude, earth range, velocity, 
flight azimuth, and flight elevation) a r e  presented in figure 4. All parameters except 
flight azimuth and flight elevation vary smoothly and indicate no anomalies. The behavior 
of these parameters after about 420 seconds probably reflects inaccuracies in  differenti- 
ating the position data obtained by the radar. It can be seen in  figure 3, for instance, that 
the elevation angle from Bermuda is quite low at 420 seconds. Table 11 gives the entry- 
trajectory parameters in 0.1-second intervals. 

Dynamic pressure and Mach number are plotted in figure 5. In computing these 
parameters, the atmospheric density was corrected for the temperature measured at 
Bermuda within a few hours after the entry. The temperatures to 182.88 km (60 000 ft)  
were obtained with a radiosonde, and above that altitude they were obtained with an 
Arcasonde. The variation in  density from the 1962 Standard Atmosphere (ref. 13) is 
given in  figure 6, and the actual correction factor used is also shown. The velocity of 
the wind relative to the earth was not considered in the computations. During the data 
period the spacecraft velocity is large,  and wind effects could be expected to have a neg- 
ligible effect on dynamic pressure.  At the lower altitudes the effect may be more signifi- 
cant. Table 111 presents atmospheric density, dynamic pressure,  and Mach number for 
the entry trajectory in 0.1-second intervals. For convenience the spacecraft altitude and 
velocity are also tabulated. 

SPACECRAFT DESCRIPTION AND INSTRUMENTATION 

. The spacecraft consisted of a hemispherical nose with a radius of 15.95 cm 
(6.28 in.) faired into a cone frustum with a half-angle of 9'. A sketch of the geometry is 
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shown in figure 7(a). The fins at the base of the spacecraft contained the probe rakes 
used to measure electron and positive-ion densities. They were retracted at 401.3 sec- 
onds (an altitude of about 60.808 km (199 500 ft)) to prevent adverse aerodynamic and 
heating effects on the spacecraft at lower altitudes. The nose of the spacecraft was cov- 
ered with phenolic-graphite (see sketch in fig. l), a hard, charring ablative material 
which permitted the drilling of holes for  liquid injection. The remainder of the frustum 
was  covered with teflon, and the base was protected by cork. Figure 7(b) lists the 
preflight-measured weight and moments of inertia of the spacecraft, and figure 7(c) shows 
plots of the preflight-computed histories of the weight and moments of inertia. The com- 
putations accounted for mass  loss due to ablation and liquid injection. The sketches of 
figure 8 illustrate the axis systems and nomenclature employed. 

A list of the performance instruments is shown in table 1V. Shown also a r e  the 
response of each instrument, its Inter -Range Instrumentation Group (IRIG) channel 
assignment, and the range and estimated e r r o r  of each instrument. Note that the total 
ranges of the accelerometers measuring normal and side accelerations a r e  divided into 
three subranges to improve the accuracy of their measurements at the lower end of the 
scale. The locations of the instruments on the spacecraft a r e  shown in figure 9. 

MEASURED SPACECRAFT -MOTION DATA 

Spacecraft rotation rates measured by the gyros a r e  presented in figure 10, and 
lateral  (side and normal) accelerations measured by the accelerometers a r e  presented 
in  figure 11. All data have been smoothed. The data from 315 to 325 seconds are pre- 
sented to illustrate the effects at roll-up, and the data from 370 to 380 seconds are pre- 
sented to show the effects at separation of the fourth stage. From 380 to 440 seconds the 
acceleration which was due to the displacement of the accelerometers from the spacecraft 
center of gravity has been removed. The most significant component of that acceleration 
is shown in  figure ll(a) and results from displacements of the lateral accelerometers 
from the spacecraft X-axis. (See fig. 9.) 
stage leaves this rotational component of measured acceleration essentially unchanged. 

Figure l l (b)  shows that separation of the fourth 

DETERMINATION OF WIND ANGLES FROM ACCELERATION DATA 

Wind angles were determined from the following relationships: 
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W a y  cy =- 
q,s 

a! = f(CNj 

P = f(CY) 

The quadrant of @' was determined by testing the sign of the numerator and denomina- 
tor of equation (6). The values of aN and ay used in  equations (1) and (2) were those 
shown in figure 11; values of W were taken from figure 7(b); and values of q, were 
taken from table 111. Aerodynamic-force coefficients were obtained in  wind-tunnel tes ts  
from Mach 1.5 to Mach 20.3. Typical curves of the coefficients as a function of wind 
angles a r e  shown in figure 12. All acceleration was assumed to be due to static aerody- 
namic forces, and cross  coupling between a! and P was considered negligible. 

Wind angles determined from the acceleration data and equations (3) to (6) a r e  pre- 
sented in  figures 13 and 14 from 400 seconds to 440 seconds. Wind angles determined by 
this method are not considered reliable prior to 400 seconds because of the very low mea- 
sured accelerations. The maximum possible e r r o r  in  the absolute values of the wind 
angles from 400 to 405 seconds based on the instrument e r r o r s  of table IV is about 30. 
The consistent behavior of the angles, however, suggests that the e r r o r s  a r e  probably 
less  than the maximum possible values. Between 405 and 410 seconds the maximum 
e r r o r  in wind angles based on instrument measurement e r r o r  goes to about 1.0'. The 
reason for presenting the roll  rate with the total wind angle and phase angle is the rela- 
tionship between these three quantities during the period when roll  ra te  was decreasing. 

INERTIAL ROTATIONS AND WIND ANGLES AT HIGH ALTITUDES 

Integration and Analysis of Gyro Data 

The data periods for  most of the experiments began prior to 400 seconds, and addi- 
tional analysis was  required to determine spacecraft motions and to estimate maximum 
wind angles in  the high-altitude, low-dynamic-pressure region. In reference 7, measured 
spacecraft rotation rates were used in the equations for  the force-free motions of a sym- 
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metrical  gyro to determine inertial rotations of the RAM C-I and C-11 spacecraft. These 
were then utilized to estimate maximum wind angles on the assumption that the X-axis of 
each spacecraft was alined with its velocity vector at fourth-stage separation. In the 
present analysis measured spacecraft rotation rates were numerically integrated to 
obtain inertial rotations of the spacecraft. These rotations and the uncertainties in  the 
direction of the relative velocity vector were used to estimate conservative maximum 
wind angles from 380 to 410 seconds. 

Inertial rotations were determined from the following relationships: 

e = S, i, dt + eo 

q sin @ + r cos @ & =  
COS e 

4 = p + q tan e sin + + r tan e cos + (12) 

The lateral  (pitch and yaw) gyros a r e  measuring components of the roll angular 
velocity, as can be seen from figure lO(a). These components a r e  due to misalinements 
between the gyro axes and the roll  angular velocity vector. The values of angular mis- 
alinement required to produce these measured values were found to be 

6 = 0 . 3 5 O  (yaw gyro) 

6 = 0.02O (pitch gyro) 

Whether these misalinements were due to an inertial unbalance (principal-axis misaline- 
ment) of the spacecraft o r  to a geometric misalinement of the instruments cannot be pre- 
cisely established. However, the fact  that values of roll  rate measured by the lateral  
gyros were essentially the same after fourth-stage separation as before suggests an 
instrument misalinement. This was concluded since i t  is improbable that the same 
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inertial unbalance would have been present i n  the fourth-stage-spacecraft configuration 
as in  the spacecraft alone because of the significant differences in their moments of 
inertia. 

Inertial rotations of the spacecraft obtained by integrating equations (7) to (9) over 
two different time intervals a r e  shown in figure 15. Over each of these time intervals a 
comparison is made between the rotations obtained by using rotation rates corrected for 
the roll  components (instrument misalinement) and the measured rotation rates (assumes 
inertial misalinement). The inclusion of the roll  components can be seen in  figure 15(a) 
to produce nutation and to increase the rotation angles over those obtained with the modi- 
fied rotation rates. The differences are not as apparent from 405 to  410 seconds 
(fig. 15(b)), probably because of the increased effect of aerodynamics. Because the main 
use of the inertial rotations will be to estimate conservative maximum wind angles, iner- 
tial rotation obtained by using the measured lateral rotation rates will be employed. 

In figure 8 it can be seen that the total wind angle 7 is the angle between the 
direction of the relative wind velocity and the spacecraft X-axis. Figure 16 illustrates 
the relationship between the total wind angle and the resultant inertial angle T. For 
simplicity the X-axis of the spacecraft, the X-axis of the inertial frame, and the relative 
velocity vector are shown in the same plane. It can be seen in figure 16 that i f  the iner- 
tial X-axis and the relative velocity vector have the same direction, then T E 7). Thus, 
values of 17 determined from inertial rotations will be in  e r r o r  because of the uncer- 
tainty in  the direction of the relative velocity vector with respect to the inertial frame. 
This uncertainty results from two factors: (1) the initial misalinement between the rela- 
tive velocity and the inertial frame at the time that integration of the gyro data is started, 
and (2) the change with time in  the direction of the relative velocity vector due to the 
rotation of the earth, 

Figure 15(b) indicates conelike angular motion of the spacecraft from 405 to 
410 seconds. When the cross  plot of CY and p over the same time interval in figure 17 
is compared with the inertial rotations, it is apparent that the relative velocity vector was 
inside the inertial cone. The proximity of the relative velocity vector to the angular 
momentum vector a t  this time make it a good time to initiate integration of the gyro data 
to obtain inertial rotations. The origin of the inertial coordinate system was chosen as 
the approximate center of the rotation in  figure 15(b) and integration was started at 
405 seconds. Equations (7) to (9) were integrated forward to 410 seconds and backward 
to 380 seconds. Plots of the inertial rotation in 5-second intervals a r e  shown in figure 18. 
The arrows indicate the direction of rotation and the solid circular symbols approximate 
the average direction of the angular momentum vector during the time interval. These 
plots show that the variation in  inertial angle increased from about 3 O  in  the interval from 



380 to 385 seconds to about 6.5O in the interval from 405 to 410 seconds and that the aver- 
age direction of the angular momentum changed about l .Oo from 380 to 410 seconds. 

Determinations of Conservative Maximum Wind Angles 

First a resultant inertial angle T w a s  determined from each 5-second-interval 
plot by graphically measuring the distance from the origin to the outside rotation along a 
line passing through the angular momentum vector. A maximum value of q was then 
determined by adding linearly to this value of 7 the initial uncertainty of the relative 
velocity assumed at 405 seconds q' and the total angular change in  the relative frame 
with respect to the inertial frame. The equation for qmax is 

- - Tmax + q' + h At 
qmax 

where 

An initial uncertainty of 1' was assumed on the basis of the e r r o r  in the determina- 
tion of wind angles at 405 seconds. The rotation of the relative frame was nearly constant 
over the entire time interval: 

L = -0.028 deg/sec 

= 0.068 deg/sec 

h = 0.074 deg/sec 

Figure 19 graphically illustrates the technique for  obtaining conservative maximum total 
wind angles from the inertial plots. Figure 20 is a plot of the values of qmax from 380 
to 410 seconds. The values were plotted at a time halfway through the time interval of 
the inertial-rotation plot. Shown also in this figure a r e  the maximum total wind angles 
determined from acceleration data. It was shown in  reference 7 that the cyclic changes 
in  ion density measured by the electrostatic probes on the RAM C-I and C-II spacecraft 
were due to changes in  the angle of attack. The locations of the RAM C-111 probes rela- 
tive to the angle-of-attack plane were identical with the probe locations on the RAM C-I 
and C-11 spacecraft, and hence, the cyclic changes in  ion density measured during the 
RAM C-111 entry (see ref. 12) can be attributed to changes in angle of attack. The varia- 
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tion in  angle of attack was shown in reference 7 to be a! = *qmax. 
angles are seen to be less  than 5O prior to resonance. 

The maximum wind 

PITCH ROLL RESONANCE AND ROLL ANOMALY 

Determination of Pitch Roll Resonance 

It can be seen in figures 13 and 14 that the spacecraft continued to cone about the 
velocity vector until about 413 seconds, when the motions started to amplify. The reso- 
nance parameter 

was computed by using q, from table 111 and the measured roll  ra te  p. The plot of 
the resonance parameter in figure 21 indicates that resonance amplification should have 
started at 415 seconds. The actual onset of amplification occurred 1 to 2 seconds prior 
to 415 seconds, as can be seen in figures 10, 11, 13, and 14. This early occurrence may 
have been because the total wind angle q was greater than zero for several  seconds 
prior to resonance, and the effective moment coefficient may have been greater than 

Cmq- 

in  the @-plane. (See fig. 13.) It can be seen in  figure 14 that the orientation of the lateral  
velocity $? is essentially oscillating between 270° and 360' (Oo to -90'). That is, the 
spacecraft is presenting only its fourth quadrant to the wind vector. The t imes of maxi- 
mum roll  deceleration can be seen in figure 14 to correspond to the times when q is 
about maximum and when + ?  is increasing. At around 425 seconds, the spacecraft was 
undergoing small  oscillations about a t r im angle of approximately 2O. Thus the space- 
craft X-axis coned about the relative velocity vector while the spacecraft presented only 
a few degrees of its circumference to the wind vector. The maximum wind angle of 8.5O 
which occurred at about 414.7 seconds is slightly greater than the maximum values 
reached during the resonance periods of the RAM C-I and C-11 spacecraft. 

After 415 seconds both the oscillation and t r im are greater in the P-plane than that 

Computer Simulation of Roll Anomaly 

Unpublished studies by the authors indicated that the changes in roll  rate which 
occurred during and after resonance conditions on the RAM C-I and C-11 entries could be 
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attributed to a combination of an aerodynamic trim and an offset center of gravity. 
Therefore, a set of equations in  six degrees of freedom were computer-programed with 
the capability to simulate an aerodynamic t r im and an offset center of gravity. Because 
the location of the center of gravity and an aerodynamic t r im could have varied as a 
result  of unsymmetrical ablation of the heat shield, a period of time after most of the 
ablation had occurred was chosen for  simulation of the RAM C-III spacecraft motions. 
The simulation period was 433 to 440 seconds. Angular motions were small  during this 
period. (See figs. 10, 11, 13, and 14.) The trim angle was slightly greater than lo, and 
the changes in  orientation of the lateral  velocity vector were small. It is during this 
period that the roll  rate passes through zero. (See fig. 14.) Figure 22 shows the com- 
puted simulation of roll  ra te  and the wind angles compared with the flight-measured roll  
ra te  and the accelerometer-inferred wind angles. Values of static moment coefficients 
at CY = 0 and center-of-gravity displacement required were 

Ay = 1.22 mm (0.004 f t )  

AZ = 0 

The average value of roll  is simulated well even though the small  oscillations are not. 
The wind angles a r e  simulated in  magnitude and frequency at certain t imes,  but the main 
point is that the general trends in  the angles a r e  matched up fairly well. This type of 
simulation demonstrates the plausibility that a combination of t r im angle and offset cen- 
ter of gravity caused the roll  deceleration experienced by the spacecraft. 

CONCLUDING REMARKS 

The RAM C-III flight experiment was launched from NASA Wallops Station 
September 30, 1970, to study the problem of radiofrequency blackout at an entry velocity 
of 7.407 km/sec (24 300 ft/sec). 
tory and environment, which include the effects of actual temperature measured the day of 
launch, a r e  presented. An analysis of entry spacecraft motions was performed. This 
analysis included the determination of wind angles from measured accelerations and esti- 
mates of wind angles at high altitudes from gyro-measured rotation rates.  The maximum 
wind angles were found to be l e s s  than 50 to the point of pitch roll  resonance (an altitude 
of 35.052 km (115 000 ft)), where the total wind angle went to 8 . 5 O  and the roll  ra te  started 

The flight is described, and data for the entry trajec- 
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decreasing, A plausible cause for the decrease in roll rate was shown to be a combina- 
tion of trim angle and an offset center of gravity. 

Langley Research Center, 
National Aeronautics and Space Administration, 



APPENDIX 

Length . . . . . . . . . . . 

Velocity . . . . . . . . . . 
Pressure  . . . . . . . . . 
Density . . . . . . . . . . 
Weight. . . . . . . . . . . 
Moment of ine r t i a .  . . . . 

WORKING UMTS AND CONVERSION TO SI UNITS 

feet 

{ ;;;2?; 
ft/sec 
lb/sq f t  
slugs/ft3 
pounds 
slug-ft2 

The RAM C-111 spacecraft was designed and fabricated to specifications in  the U.S. 
Customary Units. All measurements (ground and flight) pertinent to the present paper 
were made in  the U.S. Customary Units, and all data reduction and computations were 
made in  that system. Graphical data were therefore plotted in  the U.S. Customary Units. 
The final data were converted to SI Units, and a secondary SI scale is presented on each 
of the graphical figures. In other cases where numerical data a r e  presented o r  discussed 
the value of each quantity is presented first in  the SI Units  followed by its value in  the 
U.S. Customary Units. A list of the conversion factors used is given below. The con- 
version factors were taken from or  derived from values given in reference 14. 
(1 n. mi. = 6080 f t  herein.) 

U.S. Customary Physical quantity Conversion 
factor 

3.048 x 10-1 
3.048 x 10-4 
2.54 
25.4 
3.048 x 10-4 
47.88 
515.379 
4.536 x 10-1 
1.357 

(*) 

SI Unit 

meters  (m) 
kilometers (km) 
centimeters (cm) 
mill imeters (mm) 

kilometers per second (km/sec) 
newtons per square meter (N/m2) 
kilograms per cubic meter (kg/m3) 
kilograms (kg) 
kilogram-meters2 (kg-ma) 

* Multiply value given in  U.S. Customary Units by conversion factor to obtain equivalent 
value in SI Units. 
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TABLE I.- TRAJECTORY EVENTS 

Event Time, s ec  

Launch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
First- s tage burnout . . . . . . . . . . . . . . . . . . . . . . . . .  76.70 
Second- stage ignition . . . . . . . . . . . . . . . . . . . . . . . .  81.40 
Second- stage burnout . . . . . . . . . . . . . . . . . . . . . . . .  123.50 
Heat-shield ejection . . . . . . . . . . . . . . . . . . . . . . . . .  262.40 
Third-stage ignition . . . . . . . . . . . . . . . . . . . . . . . . .  264.00 
Third-stage burnout . . . . . . . . . . . . . . . . . . . . . . . . .  299.00 
Fourth-stage roll-up . . . . . . . . . . . . . . . . . . . . . . . .  3 19.60 
Fourth-stage ignition . . . . . . . . . . . . . . . . . . . . . . . .  325.00 
Fourth-stage burnout . . . . . . . . . . . . . . . . . . . . . . . .  3 59.00 
Command signal to programer . . . . . . . . . . . . . . . . . . .  362.24 

Begin liquid injection . . . . . . . . . . . . . . . . . . . . . . . .  389.24 
Begin VHF blackout 390.10 
Probe retraction. . . . . . . . . . . . . . . . . . . . . . . . . . .  401.30 
End liquid injection . . . . . . . . . . . . . . . . . . . . . . . . .  413.46 
End V H F  blackout . . . . . . . . . . . . . . . . . . . . . . . . . .  419.80 
I m p a c t . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  520.00 

Fourth- stage separation. . . . . . . . . . . . . . . . . . . . . . .  372.56 

. . . . . . . . . . . . . . . . . . . . . . . . .  

18 
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Figure 1.- Boost vehicle and spacecraft for RAM C-111 flight. 
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Figure 4.- Entry trajectory parameters. 
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Figure 22. - Comparison between simulated and flight spacecraft motions. 
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