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Fig. 2 Shear layer velocity profiles on blunted cylinder
rg/Ry = 1.667, Cpy = 0.25.

drag coefficient. Because w. appears in the integrand of I,
an iterative process is required for the calculation. oy is
found from Eq. (8) for prescribed values of M., v, and rz/Rx.
The calculated values of w, and w, together with Eq. (5), then,
give the distance from the body surface at which the shear
layer properties are obtained.

Experimental data suitable for checking the present method
generally are not available, particularly at the higher Mach
numbers. For the two-dimensional case Ref. 9 gives ve-
locity and Mach number profiles at a Mach number of 4.7.
The data of Ref. 9 for the 0.062-in. leading edge radius are
plotted in Fig. 1 for two downstream stations, 0.933 and 1.099
ft. Velocity and Mach number distributions given by the
present method with Cp, = 1.2 for the cylindrically blunted
nose also are shown and compare favorably with the experi-
mental values outside the boundary layer. For the three-
dimensional case, velocity profiles obtained at Mach numbers
of 2.29, 2.97, and 4.65 shown in Fig. 2 are compared with
experimental data obtained from wind-tunnel tests of a non-
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Fig. 3 Shear layer Mach number distribution at M = 20

on hemispherically blunted cylinder Cpy = 0.9.
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hemispherically blunted cylinder. The theoretical velocity
distributions were obtained for rz/Ry = 1.667 and a nose
drag coefficient of 0.25, which is an average value for the
range of Mach numbers presented. Again, the experimental
points compare well with the theoretical curve outside the
boundary layer.

Figure 3 shows typical shear layer Mach number profiles
calculated at M = 20 for a hemispherically blunted cylinder
at constant values of v = 1.2, 1.4 ,and 1.67. Since the dy-
namic pressure is given by the square of the Mach number
ratio, it is seen that, beyond about 1.5 body radii, the great-
est defect in dynamic pressure occurs for frozen (y = 1.67)
flow. As far as 8 body radii from the surface, the dynamic
pressure is only 839% of freestream for frozen flow but is 939,
of freestream for equilibrium (y = 1.2) flow. These results
are indicative and must be qualified by the actual variation
In 7y as one moves outward in the flow from the body stream-
line. Nevertheless, the thermodynamic state of the gas inci-
dent upon control surfaces is demonstrably significant.
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Manual Extraterrestrial Guidance and
Navigational System

PavuL B. LisBeLT*
The Boeing Company, Seattle, Wash.

T often is postulated that a fully or semiautomatic guidance
and navigational system is required for lunar and solar
system missions. If, however, a completely manual system
could be devised, it could serve as a back-up system in case
of automatic equipment failure, a monitor system for auto-
matic equipment check, or a system to provide initial con-
ditions for automatic equipment after a system shutdown for -
power conservation or repair.

Presented at the ARS 17th Annual Meeting and Space Flight
BExposition, Los Angeles, Calif., November 13-18, 1962. The
author is indebted to Robert Goodstein for suggesting the
problem and for helpful criticisms.

* Research Engineer, Electronics Technology Department,
Aero-Space Division.
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System Description

A guidance and navigational system was devised in which
the functions of navigation, smoothing, guidance equation
solution, and velocity correction could be performed manually
using hand-operated devices. The equipment selected in-
cludes an angle measuring device with a resolution of 10
arc-sec, a mechanical clock-stop watch combination, a circular
slide rule with extended scales to four significant figures,
prepared data forms, and prepared star maps.

The method of navigation chosen is essentially a method
of celestial triangulation. Two near celestial bodies and a
preselected star are sighted and the three included angles
@ = (oy,q9,a3) between the extremities of the celestial objects
are measured. It is assumed tactfully that adequate attitude
stabilization exists so that such measurement is possible.
These three measurements and the known time-varying dis-
tance between the two celestial bodies are sufficient to deter-
" mine the position of the vehicle. In practice it is not con-
venient to measure the three angles simultaneously and, in
fact, there is no need that this be done. The suggested
navigational procedure is to measure the three angles se-
quentially with a sextant during a prescribed time interval
starting at a preselected time. The times at which the
measurements occur are noted using the navigational clock.
The method of navigation by triangulation was chosen since
it blended well with the manual concept, but certainly other
schemes would be suitable.

The smoothing technique selected is nonoptimum in the
sense of minimum variance and in being unbiased. It is
suggested that the measured angular data be plotted and the
human eye be used to determine the graphs of the three
measured angles as a function of time for relatively short
periods of time. The reference values of the measured angles,
obtained from a reference trajectory, will be preplotted to aid
the eye-fit. This analog technique is suggested for the fol-
lowing reasons:

1) The human as a computer is not capable of finding the
optimum estimate of the vehiele’s position and velocity based
on a series of angular measurements over a long time interval
because of the great amount of required computation. Even
the simpler analytical formulas for finding the optimum
estimate of the graph of the measurements for short periods
of time are complex and tedious to apply.

2) For preprogramed time intervals, the measured angles
do not change radically as a function of time except at iso-
lated points. Therefore, the scale needed for a graph can be
expanded so accuracy in the range of 10 arc-sec in angle and 10
sec of time will be available.

3) Gross measurement and computational errors are
eliminated because of the presence of the nominal measured
angle values in graphic form. The reference values also serve
as a guide to shape the graph of the measured angles.

Figure 1 illustrates the plotting and smoothing phase of the
navigator’s program. The numbers were obtained from a
simulation of a lunar mission. The top chart is the original
prepared chart for the angle oy on which the measured data
are to be plotted and where the nominal value a;, of a; is
already plotted. The middle chart shows how the angle
was plotted. The third chart illustrates a completed chart.
The navigator has drawn his best estimate of the a; curve and
has interpolated to estimate «; at the time of 6 hr. It must
be emphasized that the graphs are not to scale and, therefore,
do not illustrate the fact that resolution in the 10 sec in arc
and in time was achievable.

A computational procedure must be defined now to enable
the navigator to transform the interpolated values of the
measured angles at two times &, and ¢, - 1 to a time interval
and direction of thrust. Using first-order theory, it can be
shown that the velocity-to-be-gained V, = (V,1,V,0,V,0),
at a time ¢, has the form

V, = GiAa(t,) + GAaltn-1)
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where Aa(f) represents the difference of the interpolated
angles «(t) and stored value of the corresponding angles on a
nominal reference trajectory. The three-dimensional square
matrices Gy and G: are precomputed and stored on the naviga-
tor’s prepared work sheet. The values of the elements of G,
and G; depend upon the mission criteria to be satisfied and
upon the guidance philosophy such as minimum fuel, inter-
cept at fixed time, ete.

The time interval of thrust AT is computed as, using a
nominal value of the acceleration level 4,

AT = V,/[A + (A? 4 2V ,4)V?)
and the direction of thrust (v,8) relative to the stars is
v = tan~ (Vyo/ V)
6 = tan™! [Vg/(Vu?® + Vo)

For very long missions it will be necessary to correct or reset
the navigational clock. This ean be accomplished readily by
first observing and measuring an additional quantity (e.g.
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Fig. 1 Measurement, plotting, and smoothing.

the angular position of a moon of Jupiter). Then, by evalu-
ating an additional linear equation, a correction to the naviga-
tional clock can be found.

The exact procedures used for velocity correction depend
upon the vehicle’s thrust equipment. In general, however,
the astronauts must orient the vehicle and/or the rocket
motors so that thrust will occur in the direction (v,8) given
by the guidance equations. One method of accomplishing
this would entail plotting the direction (v,0) on a star map
transparency, affixing the transparency to optics colinear with
the thrust motors, and then manually orienting the vehicle
and its equipment so that the transparency image and the
actual stars coincide.

After the vehicle or its rocket motors are oriented properly,
the thrust maneuver starts at time ¢, and is monitored by
means of a stop-watch with thrust termination occurring
after a time interval of AT sec.
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System Evaluation

The practicability of the proposed manual system rests
upon certain premises. First, the navigator must have the
ability to collect a sufficient amount of data during a pre-
seribed interval and to perform the necessary computations
within a specified interval without error. Also, the astro-
nauts must be capable of orienting the vehicle relative to a
star reference, holding this orientation for the interval of
thrust, and terminating thrust within a certain time error.
Finally, the approximation of the system must not produce
intolerable errors.

A navigator’s ability to measure 12 or more time varying
angles with an accuracy of 10 sec of arc in a short time interval
(about 30 min for a lunar mission) and to orient the vehicle
using a star reference can be rested only by simulation.
Such experiments were not undertaken.

An estimate of the required time for computation, however,
was made. A series of experiments was performed using a
simulated lunar mission to measure the interval of time re-
quired for equation computation. The navigator’s program
for two velocity corrections was evaluated a number of fimes.
The average time interval of calculation for one velocity cor-
rection was 24 min, which includes the plotting and compu-
tation but not the angle measurement interval. The compu-
tations were performed with an ordinary slide rule and the
results were sufficiently accurate.

A first-order analytical error analysis of the manual guid-
ance and navigation system was undertaken using a typical
lunar mission. The components of independent error source
vector E were chosen to be in initial injection position X,
the measured angles @, the time axis of the interpolation
graph ¢, thrust termination timing 7, and thrust orientation
p = (v,8). The errors in these variables were assumed to be
Gaussian and uncorrelated with means of zero. The co-
variance matrix cov(E) of these variables is diagonal and
the diagonal elements were taken as

[6Xo?(0a? + 6202)/N, A2 4 2|V, [%0,7]

where N is an empirical number representing the improvement
of the accuracy of the interpolated angles due to the graphical
smoothing process. The diagonal elements represent three
classes of error: initial position, measurement data reduc-
tion, and execution of velocity correction. The dependent
variables to be examined for error were the position and
velocity F = (z,,2,4,9,4) at various times along the trajec-
tory. The covariance matrix cov(F) of the final position
and velocity was approximated as

cov(F) =~ (OF/QE)Tcov(E)(0F/OE)

where the symbol 7' denotes the transpose and where (OF /OE)
represents a 6 X 9 matrix whose elements are the derivatives
of the final variables with respect to the independent error
source variables. Figure 2 gives typical numerical results
of finding the square roots of eigenvalues of cov(F) at critical
times along the lunar trajectory. The numbers are pessi-
mistic since & conservative upper bound on'V, was used, no
improvement was assumed in using redundant data (N = 1),
and no attempt was made to minimize the value of the guid-
ance constants by proper choice of stars or times of the
measurement taking and course correction.

The equation errors of the manual system were examined
for a number of typical lunar trajectories. It was found
that if the maximum deviation from the nominal is less than
400 naut miles, the resulting errors due to equation approxi-
mation in the neighborhood of the moon were less than 1 naut
mile in position and 1 fps in velocity. - If, however, large
deviations from the nominal are expected, the guidance con-
stants, the elements of G; and Gy, can be made as linear or
higher order functions of the deviations of Ae from nominal
to circumvent equation error. This will increase the com-
putation load upon the navigator but not intolerably.

VOL. 1, NO. 9

MAXIMUM ERRORS IN EARTH GEOCENTRIC RECTANGULAR COORDINATES

t Ix | Ty | Tz | %%k %y o
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Fig. 2 System error analysis.

Conclusion

A completely manual extraterrestrial guidance and naviga-
tion system is feasible from a computational point of view.
The ability of an astronaut to obtain sufficient measurement
data during a short time interval is yet to be demonstrated.
The technique of manually orienting a vehicle to a preferred
direction and to perform a velocity correction has been dem-
onstrated by the Mercury flights. The somewhat degraded
accuracy of a manual system over an automatic system is to
be expected. These considerations indicate that the design
and study of a manned system for emergency backup or
monitor should be pursued with the utmost vigor.

Body Fbrce Effects on Transient
Melting and Vaporizing Ablation

SHm-Yuan CHEN*
The Boeing Company, Seaitle, Wash.

A space vehicle or a ballistic missile re-entering
the earth’s atmosphere experiences a large aero-
dynamic drag force in the dense atmospheric re-
gion. This drag force, in turn, produces a deceler-
ated motion to slow down the vehicle or missile
along its trajectory. In general, ground static
transient tests of melting ablation will not be able
to simulate this type of decelerated motion. An
analysis is made to determine body force effects due
to acceleration or deceleration in the stagnation
region for melting glassy materials. Within the
ranges of values investigated, the results indicate
that the transient static tests predict an ablation
rate that can be either as much as 23% higher than
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