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CALCULATION OF THE PENETRATION FLUX
FOR A MULTIWALL STRUCTURE ON THE
LUNAR ORBITER SPACECRAFT

By Donald H. Humes
Langley Research Center

SUMMARY

The method used to calculate the penetration flux for the Lunar Orbiter multiwall
structure consisting of the thermal barrier and the photo-subsystem container is pre-
sented. The calculation of the efficiency factor showed that the multiwall structure pro-
vided better protection against meteoroids than a single aluminum wall with the same mass
per unit area. The calculated efficiency factor was 5.9. The flight data from the five
Lunar Orbiter missions verified that the multiwall structure was more effective than a
single aluminum wall of the same mass per unit area, but the data were not adequate to
determine the value of the multiwall efficiency factor.

INTRODUCTION

An evaluation of the meteoroid hazard to the Lunar Orbiter spacecraft made prior to
the spacecraft missions indicated that the photo-subsystem container on each spacecraft
would have a 0.5 probability of being penetrated by a meteoroid during the 30-day photo-
graphic mission unless the thermal barrier, which was wrapped around the spacecraft
frame, was an effective meteoroid bumper. A photograph of the Lunar Orbiter spacecraft
showing the photo-subsystem container and a portion of the thermal barrier is presented
in figure 1. The photo-subsystem container was pressurized and housed the camera, film,
film processor, and other photographic components which could function properly only if
the internal pressure was maintained. A meteoroid penetration of the photo-subsystem
container would result in a loss of pressure which would cause the photo subsystem to be
inoperative. The 0.5 probability of such an event occurring was an unacceptable risk, and
an analysis was made to determine whether the thermal barrier would be an effective
meteoroid bumper and would significantly reduce the probability of a meteoroid penetra-
tion j:hrough the photo-subsystem container.

Meteoroid bumper is the term that is usually applied to the outermost wall of a
multiwall structure, and its function is to fragment impacting meteoroids so that the
meteoroid damage is spread over a large area of the inner walls in the form of many



small craters. Laboratory tests indicate that the multiwall structures have a greater
resistance to penetration by hypervelocity particles than single-wall structures with the
same mass per unit area because the damage to a single wall is concentrated in one large
crater.

The analysis showed that the thermal barrier would be an effective meteoroid
bumper and that the penetration flux for the configuration of the thermal barrier and photo-
subsystem container would be low. The probability that the photo-subsystem container
would be penetrated by a meteoroid was determined to be less than 0,03 for the photo-
~ graphic mission of each spacecraft.

In this report, the method used to calculate the penetration flux for the configuration
of the thermal barrier and photo-subsystem container is described and the resulting cal-
culations are presented, some improvements being incorporated in both as a result of a
more recent analysis. Also included in this report are the flight data on the penetration
flux of the thermal barrier and photo-subsystem container obtained from the five Lunar
Orbiter missions. The efficiency factor for the Lunar Orbiter multiwall structure is
discussed as well as the number of penetrations that must be obtained in a flight experi-
ment to check adequately methods of calculating penetration flux.

SYMBOLS
A area of spacecraft structure exposed to meteoroid environment
E efficiency factor for multiwall structure, teff/tact
F; fraction of meteoroids with velocity in interval AV; |
L
(V) penetration function for spacecraft structure which takes into consideration ?

meteoroid mass and impact-velocity parameters

1(6,p,V) penetration function for spacecraft structure which takes into consideration
meteoroid mass, impact-velocity, density, and impact-angle parameters

g(v) meteoroid impact-velocity probability density function
h(p) meteoroid density probability density function ‘
i(8) meteoroid impact-angle probability density function |

«
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K number of penetrations

kq,k9,K3 constants

m mass of particle

my minimum-mass particle with velocity in interval AV; which penetrates
structure

N accuracy factor of calculated penetration flux

Py probability of no meteoroid penetrations

t thickness of single-wall structure

tatt effective thickness of multiwall structure

tact actual thickness of all material in multiwall structure

v velocity of particle

AVj ith velocity interval

AVp nth velocity interval

VA error factor in calculated penetration flux, ¥/, when ¥ >y, and I,Dc/lp

when Y. >y

6 impact angle

p. particle mass density

T time of spacecraft exposure to meteoroid environment
o)} cumulative meteoroid flux

o4 cumulative flux of meteoroids of mass m; and greater
v actual mean penetration flux



Ye calculated penetration flux

2] calculated penetration flux of meteoroids with velocity in interval AV

"DL lower limit of 95-percent confidence interval for measured penetration flux
Yy upper limit of 95-percent confidence interval for measured penetration flux
de,dV calculated penetration flux of meteoroids with mass in interval dm and

velocity in interval dV

Subscripts:

i ith interval
max maximum
min minimum

n nth interval

ANALYSIS

Method of Calculating Penetration Flux for a Multiwall Structure

The method used to calculate the penetration flux for the thermal barrier and photo-
subsystem container consists of a penetration criterion for the multiwall structure and a
description of the meteoroid environment. The penetration criterion is expressed in
terms of the minimum meteoroid mass which penetrates the structure as a function of the
impact velocity. The meteoroid environment is described by two distributions: the dis-
tribution of meteoroid masses and the distribution of meteoroid velocities.

The method of calculating the penetration flux for a multiwall structure is illustrated
in figure 2. The minimum-mass curve in figure 2 defines the joint conditions of mass and
velocity which a meteoroid must have to penetrate the structure. The lethal conditions are
those above the minimum-mass curve. The flux of meteoroids which have a mass in the
interval dm and a velocity in the inferval dV is

2
Vam,dv = 52 (V) dm dV



where a¢/ 9m is the differential mass-flux distribution function'and g(V) is the
meteoroid impact-velocity probability density function. The total calculated penetration
flux ¢, for the structure is

S‘ S‘ (V) am g(V) dm dV (1)

where m = (V) is the penetration criterion for the structure.

A numerical method for performing the integration in equation (1) is illustrated in
figure 3. Figures 3(b) and 3(c) are the mass and velocity distributions of meteoroids in
the form in which they are most often expressed. Figure 3(b) is the cumulative mass-
flux curve; that is, the number of meteoroids of a given mass or greater that strike a unit
area in a unit time. Figure 3(c) is the normalized frequency distribution of meteoroid
velocities presented as a histogram. To calculate the penetration flux, consider one of
the velocity intervals AV; in which a fraction F; of the meteoroid population falls.

At a velocity representative of the interval AVj, a mass m; is the minimum mass that
penetrates the structure. All meteoroids with a mass greater than m; and a velocity in
the interval AV; penetrate the structure. The flux of meteoroids with a mass of mj
and greater is ¢j, but this flux is for meteoroids of all velocities. If the mass distribu-
tion and velocity distribution are independent, the calculated penetration flux for meteor-
oids in the velocity interval AV; is

Y= Figy (2)

and the total calculated penetration flux i, for meteoroids of all velocities is
n
c™ Z Fiog (3)

where n is the total number of velocity intervals. The penetration flux for the configu-
ration of the thermal barrier and photo-subsystem container was calculated by using this
numerical method.

Description of Lunar Orbiter Multiwall Structure

The multiwall structure considered in this report is the configuration of the thermal
barrier and photo-subsystem container on the Lunar Orbiter spacecraft. A sketch of this
multiwall structure is presented in figure 4.



The thermal barrier, which was the outermost wall or meteoroid bumper, consisted
of alternate layers of aluminized plastic film and dacron scrim leno weave and had a mass
per unit area of about 0.014 g/cm2 and a total thickness of about 0.8 mm. The primary
function of the thermal barrier was to provide passive thermal control for the photo
subsystem. The photo-subsystem container was the inner wall of the multiwall structure.
It was a 0.4-mm-thick pressurized aluminum container with a surface area of about

1.4 meters2.

The thermal barrier was separated from the photo-subsystem container by a dis-
tance of about 0.1 meter at the nearest point and a distance of about 0.6 meter at the
farthest point, the average distance being about 0.4 meter. This multiwall structure had
a total mass per unit area of 0.125 g/cm?2 and a 1 to 8 distribution of the mass per unit

area between the bumper and the main wall.

Application of Method of Calculating Penetration Flux for a Multiwall
Structure to the Lunar Orbiter Multiwall Structure

The penetration flux for the configuration of the thermal barrier and photo-
subsystem container on the Lunar Orbiter Spacecraft was calculated by using the numeri-
cal method outlined in figure 3. Before the calculation could be performed, it was neces-
sary to establish the penetration criterion for the multiwall structure expressed in terms
of the minimum mass which penetrates the structure as a function of the impact velocity.
It was also necessary to describe the meteoroid environment encountered by Lunar Orbiter
by the distribution of meteoroid masses and the distribution of meteoroid velocities.

The penetration criterion for the structure was based on laboratory data obtained in
hypervelocity impact ranges in which the Lunar Orbiter multiwall structure and other
multiwall structures were used as targets.

Laboratory tests conducted in hypervelocity impact ranges have provided data on the
minimum mass which penetrates a double-wall structure for impact velocities up to about
8 km/s. The minimum mass that penetrates the structure at higher impact velocities is
not known. In this analysis, it was assumed that at these higher velocities, the penetration
of a multiwall structure depends on the Kinetic energy of the projectile. Therefore, it was
assumed that the curve defining the minimum mass which penetrates a multiwall structure
at these higher velocities can best be approximated by a curve of constant kinetic energy
drawn through the highest velocity data point available for the structure. The selection
of this penetration criterion was based on laboratory data like that presented in figure 5.
The slope of the minimum-mass data curve in figure 5 increases with increased impact
velocity. The equation of the line drawn between the two highest velocity data points is of
the form m = k1V'1-5. This double-wall structure was not penetrated when it was struck
by a projectile with a mass of 1.9 X 10-2 gram at a velocity of 6.8 km/s as indicated by



the arrow in figure 5. This result indicates that the slope of the data curve between 5
and 6.8 km/s would not greatly exceed the slope of the constant-kinetic-energy curve

m = k2V'2 that is drawn through the highest velocity data point. A laboratory data point
for the minimum mass which penetrates the thermal barrier and photo-subsystem con-
tainer at a velocity of 7 km/s was obtained in a hypervelocity impact range at the NASA
Manned Spacecraft Center. (See fig. 6.) A separation distance of 0.2 meter was used.
In two tests conducted with glass projectiles having a mass of 6.5 X 10-4 gram, the ther-
mal barrier and 0.4-mm aluminum sheet used to simulate the photo-subsystem container
were completely penetrated. In two tests conducted with glass projectiles having a mass
of 8.1 x 10-9 gram, one of the projectiles completely penetrated the configuration whereas
the other proj\ectile did not penetrate the 0.4-mm aluminum sheet. The conclusion was
made from these data that the minimum mass which penetrates the thermal barrier and
photo-subsystem container is approximately 8.1 X 10-9 gram when the impact velocity is
7 km/s. It was, therefore, assumed in this analysis that all meteoroids with a kinetic
energy in excess of 2 joules which strike the Lunar Orbiter spacecraft would penetrate
the thermal barrier and photo-subsystem container.

The meteoroid environment which the Lunar Orbiter spacecraft encountered near
the moon was assumed to be identical to the near-earth meteoroid environment and was
described by the two distributions presented in figure 7. The distribution of meteoroid
masses is described by the cumulative mass-flux curve in figure 7(a). This curve is the
fit II near-earth meteoroid flux reported in reference 1 and is based primarily on satellite
penetration experiments. The distribution of meteoroid velocities is described by the
velocity distribution in figure 7(b). This histogram is the corrected meteor velocity dis-
tribution of McCrosky and Posen presented in reference 2 and is based on observations
of the luminous trails produced by meteoroids in the earth's atmosphere.

The penetration flux calculated for the configuration of the thermal barrier and
photo-subsystem container by using the numerical method outlined in figure 3 is
4.2 x 10-9 penetration/m2-s. The numerical calculation of the penetration flux is pre-
sented in table I.

FLIGHT DATA FROM THE LUNAR ORBITER SPACECRAFT

Penetration Flux for the Lunar Orbiter Multiwall Structure

The inner wall of the multiwall structure on the Lunar Orbiter spacecraft is the
pressurized photo-subsystem container. Therefore, the monitoring of the internal pres-
sure in the photo subsystem provided data on the penetration flux for the multiwall struc-
ture. A meteoroid penetration would cause a loss of pressure. The internal pressure of
the photo subsystem was checked many times a day during the photographic missions of



all five Lunar Orbiter spacecraft (that is, the first 30 days of the total mission) and less
frequently, typically several days apart, for the extended missions.

In four of the five Lunar Orbiter spacecraft, internal pressure was maintained
through the entire fnission. Only Lunar Orbiter II experienced a loss of pressure in the
photo subsystem. The dates of the major events during the five Lunar Orbiter missions
are given in table II. The information was obtained from references 3 to 7. It was esti-
mated in reference 4, from the rate at which the photo subsystem lost pressure, that the
area of the leak developed in Lunar Orbiter II was between 0.05 mm2 and 0.3 mm2. A
meteoroid penetration could have been responsible for the loss in pressure. Or thermal
cycling of the photo subsystem could have caused a crack to develop in a weld seam or
could have caused a patch, used to seal a leak discovered at the NASA Kennedy Space Cen-
ter, to be dislodged. The thermal cycling experienced by Lunar Orbiter II was caused by
a malfunction which left the thermal door fully open for the 100 days preceding the sudden
loss of pressure in the photo subsystem. Therefore, whether a meteoroid penetration

occurred is not clear.

Although an accurate measurement of the penetration flux for the configuration of
the thermal barrier and photo-subsystem container was not obtained, some limits can be
placed on the penetration flux that would produce either zero or one penetration. If the
assumption is made that the distribution of the time intervals between meteoroid penetra-
tions is a Poisson distribution, which appears to be a good approximation from the data
presented in reference 8, then the upper and lower limits of the mean penetration flux
can be calculated by using the chi-squared distribution in the manner described in refer-
ence 8. The expressions for the upper limit Yy and the lower limit ‘PL of the

95-percent confidence interval are

2
_ X0.025%K)

4
YL 2AT )
2
X (2K + 2)
Yy = 20.975 5)
2AT

where K is the number of penetrations, A is the area of the structure exposed to the
meteoroid environment, and 7 is the exposure time.
The area of the photo-sybsystem container was 1.4 metersz, but shielding of the

container by other massive components reduced the effective area exposed to the meteor-
oid environment to about 0.69 meter2. The total duration of the five Lunar Orbiter mis-

sions was 7.5 x 107 seconds. (See table II.) Thus the exposure AT to the meteoroid
environment was 5.2 X 107 m2-s.

If the assumption is made that no meteoroid penetrations occurred through
the photo-subsystem container, the upper limit of the penetration flux is
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7.1 X% 10-8 penetration/m2-s and the lower limit is zero. If the assumption is made that
one meteoroid penetration occurred, then the upper limit is 1.1 X 10-7 penetration/rnz-s
and the lower limit is 4.9 x 10-10 penetration/mz-s. The statistically small number of
penetrations, zero or one, has resulted in a great uncertainty in the value of the mean
penetration flux. The calculated penetration flux of 4.2 X 10-9 penetration/m2-s is in
agreement with the flight results, within the accuracy of the flight data, whether zero or
one meteoroid penetration is assumed,.

Penetration Flux for the Lunar Orbiter Single-Wall Meteoroid Detectors

Each of the Lunar Orbiter spacecraft had 20 pressurized cells mounted on the out-
side of the thermal barrier to measure the penetration flux for single walls in the near-
lunar meteoroid environment. The 25-pm-thick beryllium-copper pressure cells were
punctured at a rate equal to one-half the rate observed when the same type detector was
flown in the near-earth environment on Explorer XVI. (See refs. 8 and 9.) This result
indicates that the near-lunar and near-earth meteoroid environments are not identical and
that a correction should be applied to the calculated penetration flux for the thermal bar-
rier and photo-subsystem container because the near-earth meteoroid environment was
used in the calculation.

If the difference between the near-lunar and near-earth meteoroid environments is
a factor of 2 in the cumulative mass-flux curve, the corrected calculated penetration flux
for the thermal barrier and photo-subsystem container is 2.1 X 10-° penetration/mz-s.
This corrected calculated penetration flux is in agreement with the flight results, within
the accuracy of the data.

DISCUSSION

Efficiency Factor for the Lunar Orbiter Multiwall Structure

The reduction in the weight of the meteoroid shielding of a spacecraft which can be
obtained by using a multiwall structure can be expressed in terms of the efficiency fac-
tor E of the structure. The efficiency factor is defined as

t
E = eff
tact

(6)

where t,.; is the actual total thickness of the various walls, when all walls are con-
structed of the same material, and tgg is the thickness of a single wall of the given
material which has the same penetration flux as the multiwall structure being considered.

For the configuration of the thermal barrier and the photo-subsystem container, the
two walls are not the same material. However, the value of t,.; can be calculated by
converting the thermal barrier to an equivalent thickness of aluminum. The equivalent



thickness of aluminum is that thickness which has the same mass per unit area as the
thermal barrier. As shown in reference 10, the effectiveness of a meteoroid bumper
depends on the mass per unit area and is independent of the bumper material. The value
of tyet for the Lunar Orbiter multiwall structure is therefore 0.45 mm.

To calculate the value of teff, the penetration flux through single aluminum sheets
as a function of the sheet thickness must be known. This relationship, given in refer-

ence 11 for the near-earth meteoroid environment, is

logg ¥ = -5.966 + 1.364 logy = - 0.683 logyo? & %)

where 1 is the penetration flux in penetrations per meter2-second and t is the alumi-
num thickness in micrometers. Thus, the penetration flux near the moon is given by

2

log1g 2¢ = -5.966 + 1.364 logy % - 0.683 logy (8)

t
2
where the factor of 2 for the difference between the penetration fluxes of the near-lunar
and near-earth meteoroid environments observed in the Lunar Orbiter and Explorer XVI
single-wall penetration experiments has been taken into account. The value of tgg 1is
equal to the value of t obtained by substituting the penetration flux of the thermal barrier
and photo-subsystem container into equation (8).

When the limits for the mean penetration flux y; and Yy that were derived from
the Lunar Orbiter flight data are substituted into equation (8) and when the resultant values
of ty.ey and the value of 0.45 mm for t,.; are substituted into equation (6), the efficiency
factor is found to be greater than 1.4 if no meteoroid penetrations are assumed to have
occurred and between 1.1 and 9.4 if one meteoroid penetration is assumed to have
occurred. The calculated efficiency factor; that is, the efficiency factor corresponding to
the corrected calculated penetration flux of 2.1 x 10-9 penetration/mz—s, is 5.9.

Thus, the flight data from the Lunar Orbiter missions indicate that the multiwall
structure consisting of the thermal barrier and photo-subsystem container is a more effi-
cient structure in resisting meteoroid penetration than a single aluminum wall of the same
mass per unit area. However, it is not possible to estimate from the Lunar Orbiter data
how much more efficient the multiwall structure is.

Other Methods of Calculating Penetration Flux for Multiwall Structures

The method used to calculate the penetration flux of the thermal barrier and photo
subsystem provided only a first approximation because the assumption was made that the
meteoroid mass and velocity are the only meteoroid parameters which have a first-order
effect on the penetration of a multiwall structure. There is reason to believe that the
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minimum mass that penetrates a multiwall structure also depends on the density of the
meteoroid and the impact angle. A calculation of the penetration flux which includes
these meteoroid parameters is indicated by

/2 % 0 oo 8¢
Ve = 6=0 @ S;)=0 e V=0 v m=£(6,p,V) 3o S(V)HP)I(6) dm ©
where m = f(9,p,V) is the penetration criterion for the structure, h(p) is the meteor-
oid density probability density function, and i(6) is the meteoroid impact-angle probabil-
ity density function. The penetration criterion and the distributions of meteoroid densi-
ties and impact angles required to perform the calculation indicated by equation (9) have
not been established. Even more complete methods of calculating the meteoroid penetra-
tion flux might include the shape and material properties of the meteoroids. Multiwall
penetration-flux data obtained in space are needed to determine the complexity required
in the method of calculating penetration flux in order to obtain the desired accuracy.

Experimental Requirements to Demonstrate Accuracy
of a Method of Calculating Penetration Flux

It is desirable to have a method of predicting meteoroid penetration flux for a multi-
wall spacecraft structure with an accuracy appropriate to the spacecraft mission. To
demonstrate that a method has the desired accuracy, flight experiments must be conducted
in which several penetrations of a multiwall structure are obtained.

The multiwall penetration-flux data obtained from the Lunar Orbiter missions were
not adequate to provide a check for the method of calculating the penetration flux because
the number of meteoroid penetrations that occurred was too small. If the loss of pres-
sure on Lunar Orbiter II is assumed to have been caused by a meteoroid penetration, the
upper and lower limits of the 95-percent confidence interval for the penetration flux differ
by a factor of 220. Therefore, it is impossible to demonstrate with these data that the
calculated penetration flux is accurate to more than a factor of 14.8 (that is, ﬁ%) It is,
in general, impossible to show that a calculation is accurate to within a factor of N if
the uncertainty in the flight data exceeds a factor of N2. A calculated penetration flux is

said to be accurate to within a factor of N if -2 = ¥ = Ny, where ¢, is the calcu-
lated penetration flux and iy is the actual mean penetration flux.

The great uncertainty in the mean penetration flux for the configuration of the ther-
mal barrier and photo-subsystem container as determined from the flight data of the
Lunar Orbiter missions is a consequence of having obtained zero or only one penetration.
If, for instance, the missions of all five Lunar Orbiters could have been extended until a
meteoroid penetration of the thermal barrier and photo-subsystem container was detected

11



for each spacecraft, the penetration flux of the configuration would have been measured
with 95-percent confidence to within a factor of 7.2. It might then have been possible to
demonstrate that the method of calculating penetration flux was accurate to within a fac-

tor of 2.7 (that is, W—Q)

The designer of a spacecraft must determine the accuracy that is required in the
calculation of the penetration flux for the spacecraft. The designer is usually interested
in the reliability of the spacecraft, which in the case of meteoroids might be the proba-
bility that the spacecraft will not be penetrated by a meteoroid. The probability of no
penetrations P, is

P, = e VAT (10)

where A is the area of the spacecraft structure exposed to the meteoroid environment,

7 is the time of exposure to the environment, and iy is the mean penetration flux. The
first three columns of table ITI show the uncertainty in P, which results from an uncer-
tainty in the calculated penetration flux, In column (D are listed the accuracy factors for
the calculated penetration flux. Column @) shows the limits of uncertainty in P, if the
calculated penetration flux gives Py = 0.90, and column 3 shows the limits of uncertainty
in P, if calculated penetration flux gives P, = 0.99.

The uncertainty factor in the measurement of the penetration flux yy; /wL which
can be tolerated in a flight experiment conducted to demonstrate that a method of calcu-
lating penetration flux is accurate to within a factor of N 1is in the interval

N2 (Z= N) (11)

A

N2
A
SRS

= g

where Z, the error factor in the method of calculating the penetration flux, is defined as

Z = v when ¢ >y, and Z= % when . >y. The actual mean penetration flux

c
is assumed to be between Yy and Yy, which it should be for 95 percent of the

experiments.

If the method of calculating the penetration flux is exactly correct (Z = 1), then the
value of ‘I/U/ sz required to demonstrate that the method of calculating penetration flux
is accurate to within a factor of N is somewhere in the range N = ? = N2, depending

L
on the results of the particular flight experiment. If the method of calculating the pene-

tration flux is not exactly correct (Z # 1), greater demands are placed on the accuracy
that is required in a flight experiment. If Z > N, it is, of course, impossible to show
that Z = N, except perhaps in those 5 percent of the experiments in which the actual
mean penetration flux does not fall in the 95-percent confidence interval.

12



The limits of ”bU/‘l’L required in a flight experiment to demonstrate that Z =N
are shown in columns 4 and 5 in table Il for Z = 1. The corresponding number of pene-
trations needed in an experiment to obtain the desired experimental accuracy is also
shown in columns 6 and 7 in table III.

To illustrate the use of table III, take as an example the sixth row of numbers. Sup-
pose that an accuracy factor of 2 in the penetration flux for a given structure is acceptable
(column (D). The uncertainty in the probability of no penetrations for the structure would
be 0.82 to 0.95 if the calculated penetration flux gives Py = 0.90 (column @) and 0.980 to
0.995 if the calculated penetration flux gives P0 = 0.990 (column @) If it is desired to
demonstrate with a flight experiment that the calculated penetration flux is in reality accu-
rate to within a factor of 2 (column @) , a flight experiment must be performed in which the
measured penetration flux is accurate to within a factor of 2 (column @) to 4 (column @)
To obtain these accuracies in a flight experiment requires that a minimum of 10 (col—
umn @) to 35 (column @) penetrations be obtained.

CONCLUDING REMARKS

The method used to calculate the penetration flux for the multiwall structure con-
sisting of the thermal barrier and the photo-subsystem container on the Lunar Orbiter
spacecraft has been presented.

The calculation of the efficiency factor showed that the multiwall structure provided
better protection against meteoroids than a single aluminum wall with the same mass per
unit area. The calculated efficiency factor was 5.9. The flight data from the five Lunar
Orbiter missions verified that the multiwall structure was more effective than a single
aluminum wall of the same mass per unit area, but the data were not adequate to determine
the value of the multiwall efficiency factor.

Methods of calculating the penetration flux in multiwall structures must be checked
by flight experiments in which several penetrations of a multiwall structure are obtained.
For instance, if it is desired to demonstrate with a flight experiment that a method of cal-
culating the penetration flux is accurate to within a factor of 2, an experiment must be
conducted in which a minimum of 10 to 35 penetrations are obtained.

Langley Research Center,

National Aeronautics and Space Administration,
Langley Station, Hampton, Va., July 7, 1969.
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Velocity
interval,
km/s

10 to 15

15 to 20
20 to 25
25 to 30
30 to 35
35 to 40
40 to 45
45 to 50
50 to 55
55 to 60
60 to 65
65 to 70
| 70 to 75

TABLE I.- CALCULATION OF PENETRATION FLUX FOR
CONFIGURATION OF THERMAL BARRIER
AND PHOTO-SUBSYSTEM CONTAINER

Minimum mass Cumulaifive flux | Fraction of Calculated

that penetrates for minimum meteoroids penetration
structure, mass, in velocity flux,
g no. /m2-s interval | penetrations/m2-s
25  x10-6 1.4 x 1079 0.333 4.66 x 10-10
13 2.6 .317 8.24
7.7 4.4 .161 7.08
5.2 6.4 07T 4.93
3.7 9.0 .041 3.69
2.8 11 .025 2.75
2.2 15 .015 2.25
1.7 19 .006 1.14
1.4 22 .004 .88
1.2 26 .006 1.56
1.0 30 .006 1.80
.86 34 .006 2.04
.75 38 .003 1.14
........................... 42 x 10-10
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TABLE II.- DATES OF MAJOR EVENTS DURING LUNAR ORBITER MISSIONS

Lunar Date of — ‘Experiment

Orbiter o ae s duration
Injection into Loss of Last , ’

spacecraft Launch lunar orbit pressure | communication d?gr)s

1 Aug. 10, 1966 | Aug. 14, 1966 | ~--eeeueaan Oct. 29, 1966 6

by Nov. 6, 1966 | Nov. 10, 1966 | Sept. 1, 1967| Oct. 11, 1967 €295

I Feb. 5, 1967 | Feb. 8, 1967 | —mm--mm-n- Oct. 9, 1967 243

v May 4, 1967 May 8, 1967 | ~mm-emeecmma July 17, 1967 70

A4 Aug. 1, 1967 Aug. 5, 1967 | ~---=-=---- Jan. 31, 1968 179

4Time from injection into lunar orbit to time when communication was discon-

tinued unless otherwise noted.
bThermal door was opened between Feb. 17, 1967, and Feb. 19, 1967, and

remained open for duration of mission.
CTime from injection into lunar orbit to time when photo subsystem began to lose

pressure,

16



LT

TABLE 1I.- EXPERIMENTAL REQUIREMENTS TO DEMONSTRATE ACCURACY OF

@

METHOD OF CALCULATING PENETRATION FLUX (Z = 1)

@

&)

@

®

®

@

Accuracy factor

N of

calculated penetration flux

Uncertainty in probability
of no penetrations for —

Uncertainty factor of
measured penetration flux

Number of penetrations
required in
experiment for —

Ve

<ﬁ-§wéch> Yo ~ Py = 0.90 |y, — P, = 0.990 ("”U/""L>min (“’U/‘”Qmax (wU/lpL)max <¢U /¢L>min
1.0 0.90 t0 0.90 | 0.990 to 0.990 1.0 1.00 w0 o
1.2 .89 to .92 .988 to .992 1.2 1.44 116 460
1.4 .87to .93 .986 to 993 1.4 1.96 37 137
1.6 85to .94 .984 to .994 1.6 2.56 20 71
1.8 .84 to .95 .982 to .994 1.8 3.24 13 48
2 - .82to .95 .980 to .995 2 4 10 35
3 T4dto .97 .970 to .97 3 9 5 15
4 6Tto .98 .961 to .998 4 16 3 10
5 61to .98 .951 to .998 5 25 3 8
10 37to .99 .904 to .999 10 100 2 4
15 22to .99 .861 to .999 15 225 1 3
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Figure 1.- Lunar Orbiter spacecraft.
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Figure 2.- Method of calculating penetration flux for a multiwall structure.
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{a) Penetration criterion for structure.
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(b} Cumutative mass-flux curve.

NS AV

Meteoroid velocity, V
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Figure 3.- Numerical method of calculating penetration flux for a multiwall structure.
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Plastic film (13 L m) with
I aluminum (0.2 ﬁm ) vacuum

deposited on both sides
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Sio 03 (0.70 pLm)
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Figure 4.- Sketch of thermal-barrier material and photo-subsystem-container material.
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Figure 5.- Minimum-penetrating-mass curve for double-wall aluminum structure. Aluminum sheet (0.81 mm) as meteoroid bumper;
aluminum sheet {1.60 mm) as main wall; 25-mm spacing; nylon-sphere projectiles. Arrow indicates no penetration for projectile of

1.9 % 102 gram with impact velocity of 6.8 km/s,
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Figure 6.- Penetration criterion for configuration of thermal barrier and photo-subsystem container. Thermal barrier as meteoroid bumper;
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