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ABSTRACT

This technical note concerns some of the problems
encountered with the landing of a payload on the moon.
The main p;obleﬁ areas such as guidance, velocity control
and impact considerations are discussed. Although no final
conclusions or designs are intended, it is hoped that the

material presented will serve as a guide for future detailed

work.
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SECTION I. SUMMARY

It is the intention of this report to furnish ideas, not details,
of schemes for guidance and landing of a vehicle on the moon. The ideas
presented are not the only ones, but are given as guides or nuclei for
other ideas. Some of these schemes may have no practical value but may
lead into ones which do have.

Conclusions reached are as follows:

1. It appears that multi-stage rocket retardation will be
necessary to effect a soft enough landing.

2. A multi-stage or coarse and vernier guidance system could
be used to advantage.

It is recommended that further consideration be given to the
allowable impact velocity, the guidance and retardation needed to
effect that velocity and the vehicle design for which above conditions
are criteria.

SECTION II. INTRODUCTION

In this technical note, some fundamentals of the so-called "soft"
lunar lander are brought forward. This is a part of a study conducted
within ABMA and coordinated by Electro-Mechanical Engineering Branch,
Guidance and Control Laboratory. The more important results are:

1. The guidance difficulties to insure a soft landing are
rather severe.

2. The system for taking up the final impact shock presents
difficulties, since:

a. The residual impact velocity (magnitude and direction)
is not very well-known. This would then call for an omnidirectional
protection system which hampers payload utilization.

b. Only "educated guesses'" are available concerning the
properties of the lunar surface.

c. Since the lunar landscape is far from being smooth,
there is a danger of ricochetting if by chance impacting occurrs on a
slope.

3. The 500-pound lander seems to be near the lower limit
where a useful payload can be carried. For very large vehicles (100 tons)
the useful payload may go up to about 25% of the approaching weight.



4. These data seem to show that a manned circumlunar trip or
manned lunar satellite could be launched from the earth's surface, but
some other technique will have to be used for a manned lunar landing
with the present state of the art.

Assume that a simple manned, 5-ton vehicle is to land back on
earth (See DSP-TM-5-58, Report on the Super JUPITER Junior, p. 30).
The returning vehicle has upon departure from the moon a weight of
about 20 tons. The vehicle that approached the moon for the soft
landing weighed approximately 80 tons. If the launch was from the
earth's surface, then the initial weight of the total vehicle would have
been about 10,000 tons. In contrast, for a circumlunar flight including
return to earth, less than 1,000 tons would suffice. Fifteen hundred
tons is enough for a lunar satellite including the return to earth.

5. Presently liquid propellant braking motors appear more

promising than solid propellant braking motors for very large vehicles
with payloads of at least several tons.

SECTION III. DISCUSSION

1. Fundamental Considerations

a. Velocity requirement for braking. From '"Satellite
Technology and Space Navigation," DSP-TN-9-58, 9 September 1958, H. Ruppe,
Chapter 5.2 the following is taken:

The minimum impact velocity of an unbraked earth-to-moon probe may
be about 2,320 m/sec, but for a practical 2.3-day-transfer the impact
velocity goes up to about 2,750 m/sec.

The gravity loss for a vertical descent is about gT, where g is
0.164 g5, go is = 9.8 m/secz, and T is the burning time of the rocket.
So the ideal velocity requirement is:

V, = 2750 + 0.164 g,T [m/sec]
We can write:

V; =BT =n g,T (b = mean acceleration)
Then:

2750 500
V, = —=——— ~ 2750 + =—— |m/sec
i~ . 0.164 n [/sed
n

b. Components of vehicle. The vehicle approaching the moon
consists of the following components.




(1) Payload. (m; = payload mass, w; = payload weight)
Here we find the true active payload (measuring device, recorders, etc.),
then the transmitter and power supply, and structure to carry those
elements.

(2) shock absorption system. (W, = shock absorption
weight) The relative weight of the shock absorption system will
decrease when better guidance systems are used. The result will be
softer landings.

(3) Dry motor. (W, = dry motor weight) In the following,
the masses are called: m, = mp 2 my + my, .

Solid Propellant: Here the mass of the dry motor is between 8 and
13% of the mass of the fuel used, being 13% for smaller (200 kg) and
8% for larger (10 tons) units. As an average figure, 10% will be used.

Liquid Propellant: The dry weight of the motor and feed system
may be 1/60 of the thrust. The thrust equals n ° mean vehicle weight,
which can be estimated to be 86% of the total fuel weight. Therefore,

Il

mg = 0.1 —— mg
We can combine the results for solid and liquid motors by writing
)CL

m3=0.l(—r71—- g

Where: a = 0 means: solid propellant
o= 1 means: 1liquid propellant

(4) Control equipment. (W, = control equipment weight)
Attitude control equipment, horizon seeker, etc. constitute this part.
The radar altimeter which triggers the braking motor is excluded.

(5) Fuel residuals. (W5 = fuel residual weight) The fuel
residuals shall be assumed to be 2% of the fuel used.

(6) Fuel used. (W6 = fuel weight) This is the fuel
actually used for braking the descent.

(7) Tankage and vehicle structure. (Wgl = tankage and
vehicle weight) This is a seperate item in liquid propellant vehicles
only. Therefore, it is assumed that:

_ 5
Mgl = < Tpo ™6

An interesting conclusion can readily be drawn, the weight of the
liquid propellant dry system is:



The solid propellant dry system is:

g, Mg = 8y (0.1) me,
which gives:

gomg_ @ g5 -4

8o Mg 7 m6s

Therefore, for larger n-values the solid propellant system is lighter,
and for smaller n-values the liquid system is lighter. 1In practical
designs this result has been well known since usually in the same vehicle
a solid propellant motor is used at a higher thrust level than a liquid
propellant motor for the same ideal velocity requirement. (See

Appendix B.)

(8) Radar. (w7 = radar weight) This is the radar which
triggers the braking rocket.

4

8o W7 =3 + % (%U) [kg] , where
s = range in km.
There is g =X =1 ~ =

4
which results in g, my = 3+ E%E (l%g) (kg]

The radar is jettisoned from the vehicle the instant the braking motor
starts firing. This saves some weight, which is especially important
for the lighter vehicles.

7
Vehicle mass approaching the moon: Mp =) mj
]
1
Vehicle mass at ignition: M =M - My
Vehicle cutoff mass: M - mg

c¢. The optimum deceleration. From the basic rocket equation,
Vi
= e T, where c =1

there is

IR

sp 8o
Detailed: 1T 1 1004
M1 - o L3 + 700 (—-ﬁ—) ] 2750 500
a k- | 100, /l = ¢
o e it R D U Tem T T

100 n,a_ 2 +5a
1 +0:.1 (=) +-—T66——
Solid propellant: « = O,FISp = 260 sec, c = 2550 m/sec
Liquid propellant: @ =1, Isp = 300 sec, c = 2950 m/sec

4



; b Tom 500 100
with ef¢ =1+, My g, =W, , my g =Wy, x ==~ can be
written:
1 4 1 - =75 14,\% | 2 + 5 1
= . o = L=« &0 LY 5ot
Wa = (71 -3 - 00 ® ){ @ - F7m0re) 1 G 100 ]J
2750 2750

e 2550 = 2,942, e 2990 = .52
For a solid propellant:

4
= N Ty - e
Wy =0.26 (W) - 3-355) 4 )

348

This shows clearly, that x should be as small as possible in order to
make WA as large as possible for a given Wj.

If we assume that n = 20 is an upper limit, then x = 5 and
Wy = 0.256 W; - 1.6

It is rather difficult to say, what constitutes a minimum useful W,
(weight-wise). Tentatively, we can formulate the following list:

Active payload 5 kg
Transmitter 5 kg

Power supply (batteries) 10 kg
Structure to carry payload 5 kg

Shock absorption system 15 kg

Control equipment 20 kg

Wy min 60 kg

This leads then to: Wi min = 241 kg

This casts doubt upon the practicality of a 500-pound (225 kg) - lunar
landing vehicle.

For a liquid propellant motor:

5

- X X 0.845

WA = (W]_ -3 - m) [0354 - ( + )]

aWa x4 39%x - 705 - x2

Differentiating and puttingmx =0 gives: Wj - 3 = %0 5
1175 - x




Now, the following table can easily be calculated:
TABLE I

Optimum Decelerations vs Payload on Way

, A Ropt W > [T40w,
4 25 8 kg 4.08
5 20- 17 4.73

10 10 730 10.05

20 5 35.103 21.79

30 3.33 753.103 37.40

34.25 2.92 0 o

So we see that, approximately, Xopt = SVIAOWI for W1<500103 kg; for
W1>50.103 kg there is, approximately, xopt = 25.
Those results are interesting since they show that for large lunar landing

vehicles the optimum mean deceleration comes down to values which might
be acceptable even for manned vehicles. ,

4
Approximately: Wy = (W -3 - 7%5 ) - 0.297
for Wy < 50.103 kg:
. 0.7
W,~0.295 W, (1 - ———
A k 5/ 140w,

for Wy >50.103 kg:
Wp~ 0.302 Wy - 591

The question then arises, "when is a liquid motor preferable to a solid
one?" Approximately:

0.3 Wp - 500 > 0.25 Wy or
W, > 10000 kg

So we can conclude that liquid propellant motors for braking will be
more useful for only very large vehicles, beginning with about 10 tons.

d. Example weight figures.




TABLE II

Sample Weight Breakdown for Solids

Solid Propellant

=
’—l
|

= 250 + 6.2

Wy = 6.2

for 20 g's mean deceleration: S = — =

Fuel used: 164.
Residuals: 2
Motor dry: 21.
Wp 2 62.
Shock absorption: 15
Control equipment: 20
Payload support

structure: 5
Payload: 22

Sample

Liquid Propellant

W, - W; = 10,000

Nopt = 8
S = 50
Wy = 128
Vig = 2,792
Jd - 2,573
e 2,950

10,000 + 6.2 30,000 + 6.2 kg
6.2 6.2
9 - 20 km,
W; =3+3.2=6.2kg
2 657.2 19,710 kg
3 13.1 394 kg..
2 65.8 1,579 kg
3 2639 8,317 kg
300 500 kg
300 500 kg
100 300 kg
.3 (8.7% of 1939 7,017 kg
256.2) (19.3% of 10,006.2) (23.4% of
30,006.2)
TABLE III
Weight Breakdown for Liquids
30,000 100,000 kg
5 4 =
80 100 km
822 2,003 kg
2,850 2,875 m/sec
2.626 2.651 -



TABLE III (Continued)

Fuel Used = 6,114 18,576
Residuals 122 372
Thrust 50,000 90,000
Engine dry 800 1,500
Tankage 306 929
Wy 2,658 8,623
Shock absorption 250 350
Control equipment 350 350
Payload support structure 100 250
Payload 1,958 7,483

62,278
1,246
250,000
4,000
3,114
29,362
450

600

450

27,862

kg
kg
kg
kg
kg
kg
kg
kg
kg

kg

(19.3% of 10,128) (24.3% of (27.3% of 102,003)

30,822)

Above W, = 10 tons, the liquid propellant braking motor seems to be

superior to the solid propellant motor.

e. Remarks on the graphis. The calculation gives directly Wy

versus weight on the way (Wl). WA has to be split in various parts:

shock absorption systems, control equipment, payload support structure,

and payload. Payload is plotted as a percentage of W, in Figure 1.

For

small Wy (62.3 kg), the payload is found to be only a relatively small
percentage (22.3 kg or 36%), but for large Wy (29,362 kg), a very large

percentage (27,862 kg or 95%) is found. Even if Wy were a constant
percentage of Wy, the payload percentage would go down for smaller
vehicles. Now the payload can be split into further sub-parts:
supply, transmitter and active payload. In the example given in

Power

Section III, Paragraph lc, the active payload is only five out of 20 kg
or 25%, and at about 15 kg payload (W; = 188 kg) no active payload can
be carried at all. Again for heavy payloads we could have the following

subdivisions:
Power supply 1,000 kg
Transmitter 500 kg
Active payload 26,362 kg
Payload 27,862 kg
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Here, the active payload is 94.5% of the payload. 1In Figure 2, the
active payload is plotted as percentage of W;.

2. Guidance

In order to solve the problems of determination of the velocity
vector and, later, alignment of the vehicle axis along that vector, the
following three courses of action might be taken:

1. 1Insure sufficiently accurate cutoff data to the vehicle.

-

2. Apply mid-course correction.
3. Employ terminal guidance.

In practice, a compromise of the three courses will probably be made for
a soft lunar lander.

Action (1) above involves the following difficulties:
1. Cutoff velocities to about 1.0 m/sec.
2. Guidance errors not to exceed about 0.1°.
3. Injection at correct altitude.
4. Correct lead angle needed (time of launch).

5. If launch is outside the lunar plane the difficulty is
increased.

The inaccuracies allowed by a system which demands a lunar hit by
controlling cutoff parameters are very low. To insure the landing of
the vehicle within a particular area on the moon requires even more
stringent requirements. For this, some other scheme will probably be
necessary. This scheme could be a mid-course guidance system that
corrects the vehicle sometime during its flight time. This could be
accomplished by various methods such as the system proposed by M. W. Hunter
in reference 12a.

Another mid-course guidance scheme is described in Figure 3. It
could be of some use in the actual working design of such a system.

The final guidance will play a major role in the accomplishment of
any space mission, particularly that of the lunar lander. Various
schemes are described which might provide the nucleus of an idea for
an actual working system.

3. Example Guidance Schemes

a. Mid-course guidance scheme. If the vehicle path (Fig. 3)
is along path (1) so that at position (a) the viewer on board sees the

10
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FIGURE 3, MID-COURSE GUIDANCE SCHEME



lunar disk on a screen below, as in Figure 3b, then the distance from
vehicle to moon is known. If a timer indicates the flight time, then
the velocity and trajectory is also known. If the vehicle flight path
was along path (2) so that the disk is viewed at (b), then another set
of parameters are known about the trajectory. When the disk is picked
and centered in the viewer, an attitude gyro is set into motion to hold
that attitude for a certain time interval. At certain time intervals
later the viewer picks up the picture as shown in Figure 3¢ so that
the following is known: The vehicle has approached a certain distance
in time (t) along the precalculated path. If the picture is viewed as
in Figure 3d then the distance as well as the angle between vehicle
axis and line of sight are known. This can give the needed correction
information to the vehicle. An accuracy of only rough magnitude need
be realized for this to be useful.

A modification on this system could be for the viewer to constantly
look at the disk and calculate the change in the angle between the line
of sight and the space-fixed axis of the vehicle. This could be computed
to give the correct alignment for the vehicle axis to coincide with the
velocity vector and be periodically corrected until terminal guidance
could take over.

Any usable mid-course guidance system should be viewed as only a
rough and approximate guidance. It should serve as the initial phase
of a vernier guidance, the mid-course being the main guidance and the
terminal the vernier guidance. This compromise might reduce the weight
of a system more than would be the case if either was taken as the
entire system.

b. Infrared horizon seeker. With the use of an infrared
horizon seeker as at 1 (Fig. 4) looking at points A and B, angles }j
and 2z can be measured. By the use of a rudimentary computer, they can
be made equal using attitude control rockets. This gives the local
vertical. Then using a radar altimeter, the vertical velocity component
can be determined. This component can then be retarded by a braking
rocket. If the dirft velocity, V., is to be retarded, some other method
must be found to find that component and then orient the rocket in that
attitude.

c. Surface feature lock-on system. At point A of Figure 5,
the vehicle is arriving at velocity V oriented as at A. By use of a
horizon seeker and using attitude control rockets, the vehicle is
oriented as at B. Here, a radar fixes on the nearest prominent ground
feature and angle By is measured. At point C the same feature then gives
angle By between the feature seeker and the local vertical. Then Bj + By
equals the total angle change. The radar gives the velocity vertical to
the ground. Knowing angle By and side aj, side by is found. As the
vehicle moves to position C, angle B, is found. Radar gives a, so that
by is found. Naturally by by =Ry 83 = 8y = ¥, and since z is parallel
to B-C, angle A1, equals A,. This triangle gives all the elements and
by their solution one finds: The vertical velocity Vy, the drift

13
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velocity V, and the angle through which the vehicle must be turned. As
a check, velocity V can be calculated from distance Z and time t. By
the time it takes the vehicle to reach D, the vehicle is reoriented so
that the braking impulse is along the velocity vector. Only the
remaining velocity (inaccuracies of system) and that acquired by the
free fall from burnout of,the braking rocket will have to be compensated
for in impact. The errors incurred by this method are small because

the angles are rather large and the time intervals small.

d. Flare guidance system. At point (1) in Figure 6, the
vehicle arriving at velocity Vl has been aligned with the local
vertical by using an attitude rocket in conjunction with the horizon
seeker, Here the vehicle fires a flare along the direction of the local
vertical at a relative velocity V,. This gives the flare a total veloc-
ity of Vg, or the original Vi plus the increased velocity along the
local vertical., The flare is tracked by a seeker in the vehicle., Of
course, it sees the flare as if it were on the local vertical until
impact of the flare at (1). At point (A) an altimeter takes a reading
. and a timer is initiated, At point (B) the timer indicates the time
from A to B, the altimeter measures altitude again giving the vertical
distance A-C traveled, and the angle o), is measured. This angle gives
side C-B and angle ¢2. From these measurements, the vertical and
horizontal components of the velocity are computed. From these
components, the angle (\) through which the attitude must be changed
is computed and the original velocity V; is found. Then the retardation
rocket can be fired.

e. Flare-surface feature system. The vehicle oriented at A
in Figure 7 by a horizon seeker fires a flare along the local vertical
with a velocity relative to the vehicle of a known AV. At point B a
seeker measures the angle o between the flow at impact (I) and a
natural land mark which has been tracked since the flare was fired. By
computation, all of the elements are found. Vy = AV tan q gives the drift
velocity; Vy = Vg cos o -AV gives the vertical velocity. This method
involves a computer but not a memory device.

f. Moon-center system. Velocity Vi is found by referencing
the time to reach a certain distance from the moon (Fig. 8). By again
measuring the local vertical at position B as was done at position A,
the angle'yz is found which gives angle 7;. This then determines
elements Vy and M which in turn gives the drift velocity V, (V, = V5 sin )).
However, this method demands extremely accurate measurements of the
angle 7, which is of the order of 2 seconds of arc.

g. Doppler radar system, By use of a doppler radar which
scans the ground in two perpendicular planes, the direction of maximum
frequency shift is found (Fig. 9). This direction is also the direction
of the velocity. The vehicle is then oriented to that direction, the
braking impulse given and the velocity reascertained. With vernier
controls, this can be repeated until the final velocity is of any

16
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desired magnitude. The accuracy of this method is about 0.5 to 1% in
Af, and 0.2% in angle. At present the weight is roughly 85 pounds for
a range of 100,000 ft. This figure can probably be reduced considerably.

4. Other Possible Schemes

*

Other schemes which do not appear practical, on the surface
but might induce ideas of some schemes which are practical are as
follows:

(1) The sweeping out of ionized particles within the lunar
atmosphere is considered. This might indicate the direction of the
velocity vector if enough particles are impacted upon a revolving
plate. The direction of maximum impacts might indicate the true
direction of velocity. The plate might be charged and the potential
difference might indicate the presence of an unbalanced system and
point to the velocity direction. Some way might be devised to utilize
the presence of particles which make up the lunar atmosphere. However,
the extreme thinness of the lunar atmosphere makes this possibility
remote. Solar radiation and micrometeorites should be taken into
account.

(2) Another possible scheme suggested is to eject a ribbon of
extremely low density to be deflected astern of the approaching vehicle.
This means that the atmosphere must impart a dynamic pressure on this
material which it does not do sufficiently for this method. A gas
could be released and the direction of its motion would be opposite
the vehicle's motion. That also depends on air density; therefore,
it probably would not work with the thin lunar atmosphere.

(3) The possibility of utilizing the magnetic field of the
moon (if it has one) has been suggested as a possible method to find

the true spatial attitude of the vehicle.

5. Vehicle Design Schemes

Some simple schemes are set forth, more as ideas than proposals,
for the final retarding stage of the lunar landing vehicle. The type
of design will depend upon many factors which cannot be specified until
a specific payload is designated.

a. Figure 10. This is a simple type vehicle which is retarded
by rocket impulse. The final shock is taken up by the case of the
expended rocket which acts along the penetration principle. A series
of penetration spikes are incorporated into the casing wall, giving
retardation also through crushing.

b. Figure 11. This type is similar to the one in Figure 10
and is similar to the Rand spike proposal. It has a single spike
located within the propellant grain of the final stage rocket. The
expended case and spike absorb the landing shock.
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c. Figure 12. A piston fitted with a penetration spike absorbs
the landing impact. The combination can be applied with a retardation
rocket also.

d. Figure 13. A series of shear pins and crushable chambers may
be used for final impact. Again, the gross amount of the landing energy
may be absorbed by a braking rocket,.

e. Figure 14. An inflated bag of liquid or gas similar to the
gaseous bags for parachute drops could be used to absorb fimal impact.
The retardation rocket can be utilized to advantage here also.

f. Figure 15. Rocket impulse alone provides the braking. The
initial impulse could be started at a specified altitude with the final
short impulse triggered by means of sensors that protrude below the
rocket nozzle.

g. Figure 16. The final impact can be takem up by hydraulic
absorption gear, with the major portion having been taken up by the
retardation rocket.

h. Figure 17. The omnidirectional impacting device can be
made of crushable material, fluid, or a gas, bounded by a container,
Payload on this type is located centrally.

Each of the first seven types of landing vehicles has these distinct
criteria; the accurate velocity vector must be known, the attitude of
the vehicle must be controlled before the rocket is fired (retardation
rocket), and lastly, the impact velocity must be controlled to within
given limits in order for the impact absorption device to be within
weight limitations. These three criteria must be optimized for each
vehicle configuration in order to obtain the maximum performance from
the lunar landing vehicle.

The eighth type of lander might have an application since the first
two criteria above need not be observed rigidly. The omnidirectional
impact protection might involve added complicatioms in payload
utilization.

6. Final Impact

One problem that confronts the lunar landing is to attain zero
velocity relative to the vehicle and the moon at lumar surface. Using
a single stage retardation rocket, it is improbable that zero velocity
and zero altitude is accomplished simultaneously without impact. Either
burnout will occur above the surface or it will occur after the vehicle
has impacted. Each of these cases results in a velocity. For a given
deceleration, there is a best design point for cutoff altitude if the
relative velocity is to be kept as low as possible upon impact.
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Figure 10

ROCKET RETARDED WITH
INTEGRATED CASE SPIKE

Figure 12

ROCKET, SPIKE AND
PISTON RETARDED

A ..,,b'

B S

Figure 13
ROCKET AND SPIKE RETARDED

Figure 13
ROCKET AND SHEAR RETARDED
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Figure 1l

ROCKET AND GAS
BAG RETARDED

Figure 16

HYDRAULICALLY RETARDED
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Figure 15

PHYSICALLY TRIGGERED ROCKET

Figure ‘17
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The velocity which might result from burnout too soon should be
equal to the velocity which might be encountered if burnout occurred
too late in order to minimize its maximum possible value. The assumptions
taken to resolve this problem are:

(1) Exact 3,000 m/sec lunar approach velocity.

(2) No error in the precise moment of rocket retardation
ignition.

(3) Altitude of ignition is exactly as design value.
(4) Approach path is perpendicular to surface.

Of course, none of the above are met, but if it is shown that under
these ideal conditions the expected impact velocity is yet too high for
a soft landing lunar vehicle, then it certainly will not reduce that
velocity when actual conditions are considered. The analysis is
simplified with the ideal assumptions; however, a more thorough analysis
using actual dispersions, errors and tolerances should be made before

an actual vehicle is designed. Assigning a Ko* limit to errors, the
general problem can be resolved in terms of braking distance and
acceleration. If on Figure 18 the Ko limit on errors can result in
burnout from point (1) to point (2), where is the design point (3)7

Let the final deceleration be mg, with the lunar gravity equal to
0.164 g5. Then:

vy v2.0.164 g, (h + Ko)

) V2 mgy (Ko - h) ; for Vi = Vy

B o = 0,164
h = ke CSTon

Distance traveled during braking equals:

S = &99;999 meters

]

m final deceleration, n = m/2.5 = mean deceleration.

This is found from the arrival velocity (3,000 m/s) and the deceleration
assumed. ;

The burning time dispersion under temperature controls is about 1%
for rockets fabricated with care. This is a good average figure which
can be taken for solid propellant rockets which a lunar lander would use.
Therefore, we can assign o = 17 of S.

*See Appendix 'A'
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Then: h = Ko [#L:_g;léﬂ] = T [205 n - 0.164]

m +0.164 2.5n +0.164
400,000 2.5n - 0.164
= .01 2 ‘
R A s e Lek

~ 4000 % meters

Using the altitude and the acceleration the velocity is determined:

i : [ K
Vinax impact ~ 160 v p

Assuming that K = 1, 2, 3 and the deceleration (n) = 5, 10, 20 the
following table can be formulated:

TABLE IV

Max Impact Velocity vs Mean Deceleration

K=1 K=2 K =3
n \'s n \'A n Vv
5 77 5 109 5 133
10 2 54 10 77 10 94
20 38 20 54 .20 68

Figure 19 is taken from Table IV. From the table or the curve, it can
be seen that even under "idealized" conditions, the impact velocity may
be too high for a soft landing lunar vehicle. For practical systems,

it appears that the landing vehicle must utilize either a multi-level
thrust rocket or a multi-stage rocket. If this is not done, perhaps a
closer control over path length deviation can be accomplished. Yet, the
utmost limit would appear to be 0.1%, and this still gives over 45 m/sec
impact velocity for m = 5 and K = 3,

7. Impact Velocity Vs Design

The problem of bringing a scientific payload to rest on the
lunar surface in working condition is a straight-forward application of
basic principles. The complexity of the problem is strictly a function
of the demands imposed by the final approach conditions. The problem
in general involves three basic parameters: (1) deceleration limits,
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(2) spatial attitude of the approaching vehicle, and (3) £final approach
velocity.

a. Deceleration. As shown in Figure 20, the maximum allowable
deceleration is the major factor controlling the amount of impact pro-
tection required. As the allowable deceleration limit is reduced, for
a given impact velocity the travel distance through which the deceleration
must take place must increase. As this travel distance increases, the
amount of shock absorbing material required will increase whether it be a
spike or a deformable-body~type shock absorber.

The maximum allowable deceleration is dependent upon the type of
payload under consideration. For small, compact instrument packages,
an upper limit of 1,000 g's is reasonable. As the weight and complexity
of the landing vehicle increases, the maximum deceleration limit will
decrease rapidly. This decrease is imposed by structural limitations
rather than the limitations of the individual components. In the lower
limiting case of a manned vehicle which must land and eventually 1lift
off, the upper deceleration limit will probably be imposed by structural
limitations since excessive shock absorption equipment would constitute
a severe weight penalty.

b. Spatial attitude. The final attitude or orientation of
the approaching vehicle will be the governing factor in regard to the
type of shock absorbtion system selected. If the longitudinal axis of
the vehicle can be oriented within tolerances of +2 degrees with the
velocity vector, the penetration spike is the simplest and most logical
choice. If these close spatial attitude tolerances cannot be achieved,
a multi~directional shock absorption system will be required. This
type system results, for omnidirectional protection, in a spherical
shape with the shock absorbtion material surrounding the payload. This
approach will eliminate the spatial attitude problem, but may interfere
with the deployment of payload apparatus, radio transmission, etc.

This solution bears, along with it's increased reliability, a weight
penalty.

c. Approach velocity. Final approach velocity vector
orientation will be an important factor in the selection of a shock
absorption system. The reliability of the penetration spike decreases
as the horizontal component of the velocity increases. Since composition
of the lunar surface is undetermined, the worst conditions, which would
be hard rock, must be assumed. If the approach velocity vector makes
an angle of more than 30° with the local perpendicular, (assuming
vehicle alignment of +2 degrees) the penetration spike becomes ineffective.
Since the lunar surface may be extremely rugged in the impact area,
these imposed tolerances drastically reduce the reliability of the
penetration spike. The multi~directional shock absorption system, with
its previously mentioned disadvantages, is relatively independent of
approach conditions.
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In general, the type of shock absorption system selected will
depend upon the degree of attitude and final velocity control which can
be achieved.

The magnitude of the impact velocity of the vehicle is the over-
all governing factor regardless of type of shock absorption system
selected. It is believed that the most direct approach is from an
energy standpoint as follows:

Ey = Total energy of impact body
m = mass of body
u = final impact velocity of body
Ey = % u?
F = decelerating force
S = distance through which deceleration takes place
k = work done
k = E=1/2m u?
F-S = 1/2m u?
2

The work done may be the work required to drive the penetration spike
into the lunar surface or the work required to crush a deformable body
surrounding the payload.

In either case, it is equal to J F ds where F is the resistance of
the lunar material or the force required to deform the protecting
material. In neither case will this force be constant; therefore, we
can only assume a constantdeceleration in the most ideal case. The
shape of the deceleration curve will be a function of the lunar surface
. composition and is therefore unpredictable. For calculation of a
deformable body, a constant deceleration may be assumed, but a margin of
safety must be included.

8. Possible Designs

A possible approach to the design of a vehicle is shown in
Figure 21. 1In this approach the payload is protected on all sides, and
the deceleration is accomplished over the distance which the deformable
material is displaced. Figure 22 describes a modified spike version
with a larger payload. By proper selection of path length and material
strength the entire kinetic energy of the impact body may be absorbed.
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DESIGN DATA FOR LUNAR LANDING VEHICLES

FIGURE 21

Crash Protection

Horizon Seeker
500 Lb VERSION

MATN DATA:

Solid Propellaat
Retro Rocket

Attitude Control

PAYLOAD ==--= 30 1b.

PAYLOAD ---- 323 1b.

Total Wt. 505 1b.
Propellant Wt. 330 1b.
Motor Wt, ==-ccccmmcemcccccccan L4O 1b.
Crash Protection 35 1b.
Structure ————— - 20 1b.
Attitude Control =-e-eee—ccc=e- 50 1b.
5000 1b. VERSION (See next page)

MAIN DATA:

Total Wh. =m-m-=mmm--===-—=-ee== 5000 1b.
Propellant Wi, -=e------- --- 3393 1b,
Motor Wt. (combined) =--=-==-=e= 459 1b.

Structure (including spike) --== 325 lb.

Attitude Control & Vernier ----- 500 1b.

2l Oct. 58 / JPG
FAT
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— 6~ Solid Propellant
Retro Rockets

| i : Impact Spike
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T

g 297.75"
f |
| — 3- Solid Propellant
i Retro Rockets
%
r Instrumented Paylead
B:_"-"_ """" | g———Attitude Control
N= | o= g Horizon Seeker
FIGURE 22, MULTIPLE ROCKET RETARDATION
23 Oct 58
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In this version the payload may separate upon impact and thus the
energy of the payload and protection will have to be absorbed by the
shock absorber. The main advantage of this method is its independence
of approach angle and vehicle attitude.

The Rand proposal for a lunar lander which utilizes a spike for
absorbing up to 500 fps impact velocity is described in Rand Corporation
Report RM-1720 and Report 1725. Tabel V and Figure 23 describes this
vehicle. 1In the former report of 28 May 1956, it is stated that guidance
errors will contribute to the drift velocity (velocity tangent to the
moon's surface) of the landing vehicle. This is assuming a 3 ¢ limit
on guidance errors. But the landing spike is designed upon only the
vertical velocity component of the total velocity vector. The latter
report of 4 June 1956 gives for the total allowable lateral velocity
component a value of 2 to 3 percent of the axial velocity component.
This would limit the lateral velocity to 15 fps at the maximum. Also
the angle of body axis with the surface has to be greater than 60°.

Random errors in the approach may increase the lateral velocity
up to 500 fps (a tangent hit). There is no assurance that spinning
will maintain the desired attitude upon impact because it is not known
at that time. Also the likelihood of impacting upon level ground is
slim. Therefore, one feels dubious about the utility of the scheme as is.

The two reports in themselves are fairly comprehensive but put
together, the conclusion one gains from them is that the Rand
Corporation has, in as many words, shown that the penetration spike
principle has a severe limitation--that of vertical impact with velocity
vector and spike axis aligned perfectly near the parallel.

TABLE V

Space-Vehicle Weights (Rand)
(A1l values in pounds)

Braking-rocket propellant 204
Rocket nozzle and case 36
Altimeter 10
Landing spike 5
Outer structure 5
Spin and vernier assembly 10
Radio equipment 10
Batteries 10
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TABLE V (Continued)

Instrument payload assembly 30
Gross (at end of power flight) 320
Less jettisoned components =20
Gross (at start of landing phase) 300
Gross (at touch-down) 96

SECTION IV. CONCLUSIONS

It is concluded that the liquid motor is better for the braking
of a lunar landing vehicle only when the weight is above the 18,000-
pound class. This size vehicle soft lands about 18.75% of the 18,000
pound which approaches the moon. Below the 18,000-pound approaching
weight, the solid rocket engine appears more favorable. Practical
designs may shift this transition point some, but low payloads are
better braked with solid propellant engines and large ones with liquid
propellant engines.

Due to the limitations of cutoff parameter accuracies, the
conclusion is reached that multiple guidance is necessary to insure the
landing of the vehicle, especially if a particular area is desired on
the moon.

Inaccuracies inherent in the vehicle and sensing components appear
to dictate the use of multi-stage or controllable thrust retardation
rockets. This complicates vehicle design and there seems to be no one
best wvehicle design for all sizes of vehicles.

It is also concluded that for each vehicle weight range there can
be found an optimum design including guidance, structure and propulsion
(retardation).

It is lastly concluded that detailed analyses of systems and
designs should be continued.

SECTION V. RECOMMENDATIONS

It is recommended that the following areas be studied and
analyzed before final decisions are rendered on vehicular design:

1. Trajectory studies should be calculated more precisely and
analysis made of such.
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2. Analysis of velocity and guidance tolerances at injection
should be performed and their bearing upon vehicle design considered.

3. Multiple guidance versus single guidance should be
analyzed as to complexity and increased probability of mission success.

4. Braking rocket controls and systems should be studied to
accomplish allowable impact velocities.

5. Guidance and propulsion should be mated and optimum
conditions sought between systems, for the ascending phase as well as
the descending phase (from earth launch to lunar landing).

6. Landing gear design should be studied with a view to gain
optimization of mission.

7. Design of the payload structure and the payload itself

should be studied in order to facilitate sound analysis of the previous
areas.
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APPENDIX A

COMMENTS ON PROBABILITY

Given observations of 17, 1 . 1 _which are different only
because of random influences, then tge true observation is approximately:

n
- %Fﬂk
-

The mean error of one single observation is:

n
S >l 2
° " n-1 ;Z (ﬁi it _;k)
1

The mean error & of }j 'ﬁk is of course smaller:
k|

2
g2 _

23

Therefore, if
length", then:

=
—Egk = L is taken as the design value of "burning

n

1
o = ey Z (-ﬁl - 1)2

The probability of observing L between the interval a...b (see figure 24)
is:

b-L
1 ® \%E Gauss-Laplace
P = e” d Random error la
or f * " v
a-L
o

or if:

a=L-%ko ,b=L+ko
Then the probability of a deviation for L between +ko

+k %2

]_ -
) =
P-/E?fke dx
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In tabular form:

42
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.500
.674
.000
.000
-580
.000
.490

TABLE VI
Probability Table
7% of observations within interval
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50

68

95.5

99

99.7

99.96
100



APPENDIX B

SOLID AND LIQUID PROPELLANT COMPARISON

Let us make a weight comparison between a liquid and a solid

propellant rocket motor for a given required ideal velocity (V

Then there is:

_ M
Vir = golsp In T

There follows: - Vir
mg =M (1L - e 8Bolsp)

If k'g, is the gravity field concerned, then approximately:

A

Vid + kg, T, and

ir
Viq = 08T (n = mean acceleration in units of g;)
kV k
Vir =Vid+ nld =Vid (1 +H)
So finally:
_Vig + 1)
mg =M (l-e golsp )

If now this is put in the equation:

B - (B 4o.5) pod
8oMg bs

we get for My = M) and the same required V;g:

k

Vigd 1+ g
gomy n 1 - e- T SPY,
goMs _Vid 1 + 1=

= g
1 e ISPs
Limiting cases:
o > 2.3

1

By
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Then:

For

m
%Z—m-% ~ 2 +0.5 or the liquid

k
Vs 1 +¢
=4 - < 0.2
8o Isp
k
gomy) - (_r71_£L+ 0.5) (I + n.(L) * Ispg
m k
go S (I +’rTS" o Isp_ﬁ/
kK oLk o0 Isps 2
H—O/ 4 l Ng ’ ISP,Q/ 3

Here the liquid system is lighter for nL< 4.9,
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