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I. INTRODUCTION AND SUMMARY 

The Apollo mission will bring to earth the first samples ever 
taken on a world other than our own. 
the opportunity to study these specimens by the most refined 
techniques available. 
it is necessary to know if these samples have suffered physical 
or chemical changes or contamination during the mission. This 
Final Report describes an investigation of sample contamination 
that may be produced by the Lunar Excursion Module (LEM) descent 
engine and other Apollo mission equipment. 
ducted by the Grumman Aircraft Engineering Corporation, as prime 
contractor, and Arthur D. Little, Inc., as subcontractor. 

Scientists eagerly await 

To gain maximum knowledge from the analyses, 

The study was con- 

The work accomplished is described in a series of separate 
In Sec- notes that have been collected into this Final Report. 

tion 11, a brief discussion of these notes is given to guide 
those seeking detailed treatments of particular topics to the 
appropriate notes. 

During the contract period, a written report (Ref. 1) was 
prepared of an oral presentation given at NASA's Manned Space- 
craft Center, Houston, Texas on November 2, 1965. This Interim 
Report, which summarized the work done on the contract to 
November 1965, was detailed and included much pertinent background 
material. To facilitate preparation of this Final Report, and 
to avoid unnecessary duplications, the Final Report will, in 
several sections, present a summary of sections of Ref. 1. Those 
desiring additional information are referred to Ref. 1. 

A useful description of the Apollo mission is found in Ref. 
2. 
ptions of landing sites, trajectories, lunar stay, and other 
parts of the mission do not represent current thinking on these 
subjects. A revised version of Ref. 2 is scheduled to be issued 
during 1966. Values of parameters used in calculating contami- 
nation distributions, in determining the maximum excursion of 
the astronauts from the LEM, and other factors in the present 
study are taken from material that was prepared for the revised 
version (see Ref. 3) . 

This reference has become obsolete in part and the descri- 

Under the present contract, a study was made of the com- 
position of inorganic and organic contaminants from the LEM 
descent engine exhaust and from gas vented from the ascent stage 
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- 

or leaked from the space suits. 
butions produced on and below the lunar surface by the impinging 
rocket plume were computed. 
for contamination in samples were surveyed. 

Transient temperatures distri- 

Means for minimizing and compensating 

The study has examined the composition of the contaminants 
coming from the LEM. 
calculated by a computer program. 
accurate for the principal species, but concentrations of some 
minor constituents that are present in trace amounts may differ 
appreciably from the computer values. 
be of importance in biological experiments on samples and their 
concentrations should be determined experimentally. 
of the descent engine exhaust is 
with H2, CO, C02, H, and 0 accounting for most of the re- 
mainder. 
material has been determined. 

The propellant combustion products were 
The calculation is sufficiently 

These trace species could 

Over a third 
H20, and almost a third is - N2, 

The composition of the Refrasil in the engine's ablative 

Contaminants arising from the astronauts' biological and 
physiological processes include H2S, CH4, and possibly O 3  
and NH3. 

examined. It was concluded that unless specific measures are 
taken to prevent it, the probability of bacteriological sample 
contamination approaches 100 percent. There is an urgent need 
for further experimental data on the amount and composition of 
the bacterial contaminants that can be expected on the Apollo 
mission. 
been prepared. 

Contamination due to bacteria and biological debris was 

A bibliography on bacteriological contaminants has 

An investigation of photochemical synthesis on carbohydrates 
or amino acids in the lunar radiation environment showed that 
rates of production of such contaminants, which are particularly 
undesirable in exobiological experiments, are negligible. Some 
photochemical production of H202 may occur. The lunar particle 
radiation environment may produce chemically catalytic sites on 
the lunar surface. Such sites could promote chemical reactions 
between contaminant species. 
acids appears to be unlikely. 
the effects of simulated lunar environmental conditions on 
catalytic reactions are inadequate, and more data would be use- 
ful. 

Catalytic production of amino 
Existing experimental data on 

Sources of contamination not considered in this study include 
the Reaction Control System rocket exhausts , the Radiothermal 
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Generator, radioactive sources in the LEM Propellant Quantity 
Gauging System, contamination from Pre-Apollo missions, and 
radioactivity induced in atoms of LEM materials by high energy 
particle radiation. The last two items have possible importance. 
The last item might have significance to a particularly sensitive 
radioactivity experiment. 
vestigation because it is not certain that all such contamination 
effects on the lunar samples will be negligible. 

Pre-Apollo contamination deserves in- 

Probably the most useful tools for compensating for the - 
effects of Contamination in samples are maps showing the distri- 
butions in space and time of contamination on the lunar surface 
and in the atmosphere during the period when the samples are 
collected. 
"Far Field" flux of rocket exhaust contaminant molecules to the 
lunar surface. 
sufficiently far from the lunar surface so that interactions 
between exhaust molecules and the surface can be studied by 
free molecular flow dynamics.) 
density of Far Field contamination impinging on the lunar surface 
at the touchdown point is of the order of a few tenths of a 
g/m2. 
touchdown site will contain the greatest Far Field contamination. 
Density decreases with increasing distance from the touchdown 
point. 

A computer program was developed to calculate the 

(The term "Far Field" denotes that the IBM is 

The calculations show that the 

Samples collected in the downrange direction from the 

Molecules striking the surface may either rebound or be 
adsorbed. 
Unfortunately, existing data on adsorption and desorption under 
lunar environmental conditions are inadequate to make realistic 
estimates of the distributions of adsorbed surface contamination 
resulting fmm the Far Field molecular flux. More reliable data 
on adsorption and desorption are essential to this and several 
other aspects of the study of lunar contamination. 

Adsorbed molecules may subsequently be desorbed. 

The problems of "Near Field" contamination are more complex 
than those of the Far Field. ("Near Field" denotes that the 
LEM altitude is low enough so that the continuum gas dynamic 
interactions between the rocket plume and the surface occur.) 
Erosion of the lunar surface and transient temperature changes 
produced by the impinging rocket plume have been examined, and 
adsorption of Near Field exhaust gas has been studied. 

Distributions of adsorbed Near Field exhaust gas on a solid 
lunar surface model with a composition similar to meteorites 
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were computed. 
for adsorption and desorption coefficients on the surface for 
the principal gas species. Results indicate that H, H2, CO, 
and C02, 
in surface samples. Other species, H20, N2, NO, 0, 02, and 
OH, may be present in the samples if the gases are chemically 
adsorbed on the surface. If chemical adsorption occurs, the 
order of magnitude of the contamination density at a distance 
of 2Om from the touchdown point will be 0.2  g/m2 for H20, 
0.01 g/m2 for OH, and 1 mg/m2 for OH, NO, 0, and 02. 
Contamination density decreases rapidly with distance, falling 
below a pp, g/m2 at a distance of about 1/2 kilometer from 
the touchdown point. 

An analysis was made to determine suitable values 

will desorb so rapidly that they will not be present 

The validity of these estimates is questionable because of 

Values of contamination 
the previously mentioned lack of reliable data on adsorption 
and desorption under lunar conditions. 
densities calculated for distances closer than 15 m from the 
touchdown point were disregarded. 
region will experience temperature transients due to the imping- 
ing rocket plume. 
temperature, and it was not considered useful to attempt to 
estimate contamination density at less than 15 m until better 
data are available. 

The lunar surface in this 

Desorption rates depend sensitively on 

Material eroded from the lunar surface by the rocket plume 
is expected to be heavily contaminated by direct contact with 
the exhaust gas. 
lunar surface may form an important source of sample contamination. 
The distribution of lunar surface material eroded by the rocket 
plume and redeposited on the surface was investigated using a 
theoretical lunar surface model consisting of a smooth layer of 
spherical particles of 1, 0.1, and 0.01 mm diameter. Results 
show that the density of redeposited particles decreases sharply 
with increasing particle diameter and with distance from the 
touchdown point. For 1 mm particles, the density has a maximum 
va ue near the LEM of less than 105 particles@ (10 particles/ 

at a distance of 60 m from the LEM. By contrast the 0.01 mm 
particles have a maximum density greater than 1016 particles/ 
m2 and the density decreases to 104 particles/m2 (1 particle/ 
an2) at a distance greater than 100 m from the LEM. 

Eroded material that is redeposited on the 

cm h ) and the density decreases to less than 104 particles/m2 

A computer program has been developed to trace the temperature 
histories of the eroded particles. Calculations show that small 
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particles (less than 0.1 mm radius) may reach temperatures in 
excess of 1100%. When adequate data on adsorption and de- 
sorption rates become available, the temperature histories -can 
be used to calculate the amount and composition of the con- 
tamination on the surfaces of the particles. 

The transient temperature distribution produced on and below 
the lunar surface by the Near Field impingement of the descent 
rocket plume will play an important role in determining adsorption 
and desorption rates for rocket exhaust gas, and in possible 
chemical or phase changes in surface materials. 
desirable to know the thermal history of samples gathered in the 
vicinity of the LEM. 
temperature distributions in eight model lunar surfaces including 
solid, particulate, vesicular, and rubble surfaces. Surface 
erosion was not considered in these calculations. Results show 
that the maximum surface temperature of over 1500OK occurs 
at the touchdown point. The transient temperature variation 
decreases rapidly in amplitude with increasing distance from 
the E M ,  becoming negligible about 30 ft. from the touchdown 
point. 
the transient temperature variations penetrate only a few centi- 
meters into the surface. 

It is also 

A computer program was used to calculate 

Because of the low thermal conductivity of lunar materiel 

The recent Luna 9 photographs provide an excellent opportunity 
for improving the calculated Near Field distributions. 
is certainly premature to conclude that all areas of the moon - 
resemble the one in the photographs, it would be desirable to re- 
calculate the distributions using parameters suggested by the 
photographs. Thus, the distribution of eroded material could 
be calculated using an appropriate value for the resistance of 
the surface tothe shearing stress of a rocket exhaust. - 

variations of transient temperature with depth could be recal- 
culated taking account of the penetration of hot exhaust gas into 
a porous surface. 
temperature transients to penetrate more deeply below the lunar 
surface than is indicated by the present calculations. 

While it 

The 

The effects of gas penetration might cause 

The depth of penetration of exhaust gas into porous surfaces 
should be examined. Several suggested schemes for obtaining 
contamination-free samples involve drilling to a sufficient depth 
to avoid surface contamination. If exhaust contaminants can 
penetrate deeply into a porous lunar surface such schemes might 
require drilling to an impractical depth. 
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Because the weight of propellant for the descent stage is a 
sizable fraction of the estimated total weight of the lunar 
atmosphere, contamination of the lunar atmosphere by the descent 
engine exhaust gas has been investigated. Computer programs 
were developed to calculate the density distributions of the 
contaminant species as a function of time and of position on 
the lunar surface. Dissipation of contamination by the solar 
.Jind, thermal, and other loss mechanisms are included in the 
krograms. 

The results show that the density of contaminant gases in 
th3 atmosphere is a maximum in the region of LEM touchdown. 
is no significant variation within 300 meters of this point 
after the initial stages of the mission. The light molecules 
H and H2 are uniformly distributed over the moon's surface in 
a couple of hours, while the heavier contaminants require up to 
six days to attain a uniform distribution. For those contaminant 
gas species that do not stick to the surface, the number densities 
remain sufficiently large for significantly long times that they 
will be readily detectable by standard instruments. 

There 
I 

I 

Methods for minimizing, detecting, and compensating for 
contamination have been explored. It has already been pointed 
out that probably, the most important tools in identifying and 
compensating for contamination are maps and time histories of 
the contaminant species. The location and time at which every 
lunar sample is collected should be recorded. This will permit 
a statistical comparison between the relative smounts of various 
species of constitutents in the samples and the predicted con- 
taminant distributions. Such a comparison will help distinguish 
naturally occurring lunar substances from contaminants. It is 
important, therefore, that contaminant distribution maps be made 
as accurate as possible. The statistical comparison should 
utilize the results of studies of possible synthesis of new 
contaminant species by chemical reactions in the lunar radiation 
environment. 

A possible method for minimizing contamination in samples 
is to collect them from regions that are partially or totally 
shielded from rocket exhaust gas. The Luna 9 photographs suggest 
that such regions may exist under rocks or inside cavities that 
are distant from the LEM touchdown point. 

Several devices are suggested for minimizing contamination 
These include a sampling probe to be dropped from in samples. 
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the LEM before or inmediately after touchdown, and an instrument 
to be used by the astronaut that will decontaminate a portion of 
the lunar surface and then take a sample at a sufficient depth 
below the surface to avoid surface contamination. 
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11. DISCUSSION 

A. The Lunar Environment 

The lunar environment will determine the relative import mce 
of many contaminant processes. For example, the rate of deca of 
atmospheric contamination depends on the intensity of the solar 
wind (Sec. 1V.E) , erosion of material from the lunar surface by 
the plume of the descent stage rocket depends on the resistance 
of the surface to the shearing stress produced on the surface by 
the exhaust gas flow (Sec. W.B., and Sec. IV.G), absorption of 
the rocket exhaust gas by lunar surface materials depends on the 
chemical composition of the surface (Sec. IV.D, and Sec. IV.F), 
etc. A brief discussion of the lunar atmosphere, surface, mete- 
oroid environment, thermal environment, and other environmental 
factors affecting contamination are given in Sec. 11 of Ref. 1. 

1. Surface Models 

A set of surface models was chosen that was sufficiently ex- 
tensive so that it could include most of the suggested details 
of the lunar surface, e.g., electrostatic effects, sintering by 
the solar wind, dendritic structure, etc. The models are listed 
in Table 1, which is reproduced from page 5 of Ref. 1. 
of models is briefly discussed on page 3 of Ref. 1. 
were used in calculating temperature distributions in the lunar 
surface (Secs. II.D.6, and 1V.H). Model 1 was used in computing 
the distributions of redeposited material eroded by rocket plume 
impingement (Secs. II.D.3, IV.B, and 1V.C). Model 3 was used to 
calculate absorption of exhaust gas on the lunar surface (Secs. 
II.D.3, and 1V.D). 

The choice 
All the models 

Table 1 

LUNAR SURFACE MODELS 

1. Homogeneous particulate 5. Two-layer particulate-rock 
2 .  Homogeneous vesicular 6. Two-layer vesicular-rock 
3. Homogeneous solid 7. Rubble 
4.  Two-layer particulate-vesicular 8. particulate and rubble 
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2. Surface Temperature 

Ambient lunar surface temperature is discussed on page 5 of 
Ref. 1. Figure 1, reproduced from page 41 of Ref. 1, shows the 
temperature in the vicinity of the anticipated latitude of the 
touchdown site during one lunation. The short horizontal line lo- 
cated at the right-hand bottom of the graph indicates touchdown at 
a longitude of 45" 
up to44 hours. 

with respect to the terminator and a stay of 
(See discussion on page 5 of Ref. 1.) 

B. Nature of the Organic and Inorganic Specific Chemical and/or 
Elemental Contaminants Produced by the LEM Descent Engine, 
the Depressurization of the Ascent Stage, and the Exhaust 
from the Space Suits 

The sources of contamination considered in the present study 
are the inorganic, organic, and bacterial products in the descent 
rocket exhaust, and the gas vented from ascent stage cabin and 
space suit leakage. 
is discussed in Sec. IV of Ref. 1. 

Composition of contaminants from these sources 

1. The Descent Ennine 

a. Combustion Products: The descent engine is the largest 
Composition of the propellants and pro- source of contaminants. 

pellant combustion products is given in Sec. IV.A.1 of Ref. 1. The 
composition of the combustion products is shown in Table 2 ,  which 
is reproduced from page 10 of Ref. 1. 
ted using a Grumman computer program and assumes that the chemical 
composition is frozen near the throat of the nozzle. As noted in 
Ref. 1, these results are sufficiently accurate for the principal 
constituents. However, some of the minor constituents may be 
present in amounts appreciably different from those computed. It 
would be impractical to compute the amounts of these trace com- 
pounds more accurately. 
ted as being potentially troublesome for a particular type of scien- 
tific analysis, it would be logical to measure experimentally its 
concentration in the exhaust. 

This composition was calcula- 

If a constituent of the exhaust is suspec- 
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Table 2 

COMBUSTION PRODUCTS IN LEM DESCENT ROCKET EXWIUST 

Exhaust Composition Mole Percent 

H2° 

N2 

HZ 
co 

c02 
H 

OH 

NO 

O2 
0 

36 

32 

13 

9.6 

3.7 

1.9 

1.6 

0.24 

0.15 

0.14 

Trace amounts of N, CHO, NH (10 -4 ); "2, H202, "3, NO2, N20, 

HNO HCN, HNCO, CH20, "02 cis and trans (loo6); e-, 
NO+ (10-7); OH-, CN (10.8); c (10'10). 

b. Ablative Material:. Composition of the Refrasil used in the 
ablative material is shown in Table 3, reproduced from page 11 of 
Ref. 1. Much of the material ablated near the throat resolidifies 
along the nozzle and only a fraction of it appears in the exhaust. 

Little data are available on the products that will appear in 
the exhaust from the phenolic resin. Best estimates indicate that 
there will be little ash, and the phenolic will decompose mainly 
into products that are already present from combustion of the pzo- 
pellants. Thus, the phenolic resin is probably not an important 
source of contaminants. Experimental investigation would be re- 
quired to determine the exhaust products arising from this source. 
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Table 3 

COMPOSITION OF 99.4% PURE REFRASIL 

Si02 99.4% 

*l2'3 
Ti02 

Zi02 

B2°3 

K2° 

.11 

.33 

.017 

.081 

.0005 

Na20 .0014 

Mgo .0027 

CaO .0042 

Fe203, CuO, Cr203, MnO nil 

2. Contaminants from Biological and Metabolic Processes 

The composition of contaminants from these sources is discussed 
in Sec. 1V.B of Ref. 1. 

Estimated production rates for various gases and currently ac- 
cepted levels for maximum allowable concentrations consistent with 
the astronauts' environmental requirements are shown in Table 4, 
reproduced from page 12 of Ref. 1. 
capsule preliminary to the exit of the astronauts, the gases will 
be expelled. 
able and depend upon many human factors as well as temperature, 
pressure, and other environmental conditions, quantitative estimates 
are only approximations. 

Upon decompression of the space 

Because biological and metabolic processes are vari- 

Reference 1 also discusses the possible synthesis of ozone and 
ammonia in the LEM ascent stage by photochemical reactions between 
contaminants. Reference 1 notes that the astronauts' life support 
system can add water as a contaminant to the lunar environment. 
However, as indicated in Table 2, water is so large a fraction of 
the rocket exhaust that the additional water from the life support 
system probably will not be significant. 
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Table 4 

Gas 

H 

?Zs 

co 

O3 

m3 

J3 IOLOGICALLY PRODUCED CONTAMINANTS 

Maxim Allowable 
Concentration 
(lb/lb mixture) 

2.57 loo3 

6.18 loo5 

2.65 x 

’ 6.45 

1 2.21 loo7 

Production Rate 
(lb/man-hour) 

1.3 loo5 

2.8 loo9 

3.33 

1.9 x loo6 

This depends upon the 
kinetics of the reac- 
t ion 
Peak: 4 .4  x 10’’ 
Ave: 1.5 x loo5 

A brief note on :he space suit life support system is given 
in Sec. 1 I I . A .  

3 .  Bacteriological Contamination 

As indicated in Sec. 1V.C of Ref. 1, a panel of G r u m n  biolo- 
gists and physiologists assembled several times to consider problems 
of bacteriological contamination of lunar samples. The panel con- 
cluded that, unless specific measures are taken to prevent it, the 
probability of contamination of lunar samples by live or dead or- 
ganisms approaches 100 percent. 
sensitivity of bacteriological analyses is such that a contamina- 
tion level of one viable bacteria/cm2 
tamination. 
developed is such that a contamination level approaching one non- 
viable organism/cm2 may be detectable. This extreme sensitivity 
emphasizes the importance of bacteriological contamination, par- 
ticularly in the field of exobiological experiments. 

The panel indicated that the 

may provide detectable con- 
Also, the sensitivity of methods of analysis now being 

Several possible approaches to the prevention or minimization 
of biological contamination in samples were suggested by the panel. 
These suggestions, and several others are presented in Sec. 1V.I 
of this report. 
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Bacterial contamination from vented gas and s u i t  leakage w i l l  
depend on the type and amounts of contaminants present i n  those 
sources. A br i e f  summary w a s  made of the l i t e r a t u r e  concerning 
bacter iological  t e s t i n g  of subjects  sealed i n  chambers with simu- 
l a t e d  space vehicle  environments. Results of t h i s  survey appear 
i n  Sec. 1II.C. That sect ion makes it c lear  t h a t  ex is t ing  data  
are inadequate t o  determine the  nature  and quantity of b a c t e r i a l  
contaminants t o  be expected on the Apollo mission. 
t e s t i n g  i n  t h i s  area i s  required.  

Much addi t ional  

4.  Chemical Reactions 

Sections I I . B . l ,  I I .B .2 ,  and II.B.3 t r ea t ed  the  composition 
of contaminants fromtheApollo mission sources. 
contaminant composition i s  complicated by the lunar rad ia t ion  en- 
vironment tha t ,  i n  the  absence of a shielding atmosphere, may cause 
chemical reactions r e su l t i ng  i n  the  synthesis of new species of 
contaminants. In Sec. I I I . B ,  possible  photochemical and radiat ion-  
damage induced react ions with exhaust gas cons t i tuents  i n  the  lunar 
environment are examined. It i s  shown t h a t  t he  r ad ia t ion  environ- 
ment of the moon can influence the nature  of t he  chemical contami- 
nat ion of the  lunar surface i n  two ways. F i r s t ,  i n  t he  absence 
of an atmosphere, the  e n t i r e  so la r  spectrum, including the  photo- 
chemically active vacuum u l t r a v i o l e t ,  can reach t h e  engine exhaust 
producing possible photochemical react ions.  
production of H202 may occur. 
of the  moon by high-energy rad ia t ion  and so la r  wind over the 
b i l l i o n  years  of lunar h i s tory  may have created a la rge  number 
of surface s i t e s  i n  highly excited and, hence, chemically r e -  
ac t ive  s t a t e s  t ha t  may catalyze reac t ions  between contaminant 
species.  

The problem of 

Some photochemical 
Second, t h e  constant bombardment 

The photochemistry of water vapor, ni t rogen,  C02, and NO 
a r e  discussed, and t h e i r  calculated rates of photochemical de- 
composition a re  given i n  Table 7.  Photochemical react ions be- 
tween adsorbed gases on t h e  lunar surface w i l l  be of g rea te r  i m -  
portance. Maximum rates of formation and t h e  times required t o  
form microgram/cm2 quan t i t i e s  of formaldehyde, ammonia, hydrogen 
peroxide, and a number of atomic species were calculated.  The  
data  a r e  summarized i n  Table 8. Further reac t ions  among the  
r ad ica l s  produced are possible but cannot be predicted quant i ta-  
t ive ly .  

It should be noted t h a t  photochemical reac t ions  may take place 
i n  the  ascent s tage as w e l l  as on t h e  surface.  
Ref. 1 it i s  suggested t h a t  ammonia and ozone may be synthesized 
by photochemical react ions between metabol ical ly  produced contami- 
nant s . 

In  Sec. 1V.B Of 



A number of experiments i n  which amino acids w e r e  synthesized 
from mixtures of simple inorganic gases w e r e  evaluated with respect 
t o  the  LEM contamination problem. Unless the  lunar surface i s  
highly c a t a l y t i c ,  amino acids are not expected t o  be synthesized 
i n  detectable concentration. 

Section 1II.B a l s o  considers the possible formation of chemi- 
c a l l y  c a t a l y t i c  sites on the  lunar surface due t o  rad ia t ion  damage. 
Such sites could catalyze par t icu lar  chemical reactions.  Due t o  
the  high vacuum and rad ia t ion  environment of the moon, the lunar 
surface should have maximm c a t a l y t i c  a c t i v i t y  fo r  the  par t icu lar  
materials involved. However, it i s  impossible t o  predict  the  re- 
act ions t h a t  might be catalyzed o r  t o  ca lcu la te  even the  order of 
magnitude of the  react ion r a t e s .  

As shown i n  Sec. II.B.l, a la rge  amount of water vapor w i l l  
be produced in  the engine exhaust. Possible chemical reactions 
between the  water vapor and silicates t h a t  may be present i n  lunar 
surface material w e r e  examined in  Sec. V I 1  of Ref. 1. Table 5, 
which i s  reproduced from page 27 of Ref. 1, shows the react ions 
considered. 
unl ikely t o  occur. 

It w a s  concluded tha t  hydrolysis of the s i l i c a t e s  i s  

Table  5 

REACTION OF WATER VAPOR AND SILICATES 
FREE ENERGY OF REACTION AT 1300°K 

LU?, kcal 
Na2Si03(c) + %O(g) + 2NaOH(g) + SiO2(c) +29.8 

Na2Si03(c) + %O(g) + 2NaOH(J) + Si02(c) +23.6 

%SiO3 (c) + H20(g) + Mg(OH)2(c) -k Sio2(c) +23.0 

Fe2Si04(c) + %O(g) + Fe203(c) + Si02(c) 4- %(g) + 5.6 

c = c rys t a l  g = gas 1 = l i qu id  

C. Sources of Contamination Not Considered 

Sources of contamination not considered i n  the present study 
are discussed i n  Sec. 111 of Ref . 1. These include: 

Reaction Control System Rocket Exhaust 
Radioactivity induced in  atoms of some LEM materials 
by high energy particle rad ia t ion  
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Radioactive sources in the Propellant Quantity 

The Radiothermal Generator 
Contamination from pre-Apollo missions 

Gauging System 

Of these, the last should be investigated (see Sec. V.B).  The 
second source listed above might be of importance, but only if a 
type of sample analysis was being considered that showed unusual 
sensitivity to radioactive contamination. 
these five items are discussed in Sec. 111 of Ref. 1. 

Reasons for neglect of 

D. Concentration of Contamination on the Lunar Surface and 
in the Lunar Atmosphere 

1. The Degree of Contamination 

It was emphasized in Sec. V.A of Ref. 1 that the degree of 

Thus, a sample that might 
contamination of a given sample should be judged in terms of the 
analyses that will be performed on it. 
be considered hopelessly contaminated by a biologist planning an 
exobiological experiment could be rated as being free from contami- 
nation by a geologist. Distribution of contaminants from the 
descent engine plume on the lunar surface will be widespread. How- 
ever, the total mass of the Apollo contaminants is insufficient to 
form a coating one monolayer thick if uniformly distributed over 
the surface of the moon. Even if the surface of the moon were 
perfectly smooth, a rough estimate (see Fig. 2 of Ref. 1) shows 
that it would require an amount of water on the order of 
to form a monolayer on the entire surface. The total mass of the 
propellant combustion products is only a tiny fraction of this 
amount. Thus, the concentration of contamination can be expected 
to decrease to very small levels with increasing distance from the 
touchdown point. 

lo4 tons 

Maps of the distribution of contaminants on the surface, there- 
fore, will be an important tool in compensating for contamination. 
For certain types of analyses, such maps may indicate that the 
astronaut need to collect samples at distances of only 1000 or less 
feet from the LEM so that they can be considered relatively uncon- 
taminated. Such distances are within the astronauts' range. The 
maps may also indicate that, to secure samples with tolerable con- 
tamination levels for more sensitive types of analyses, the astro- 
naut would have to travel prohibitively large distances from the 
LEM. In this case, means must be developed to reduce or compensate 
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for the contamination in the collected samples. 
maximum range was taken from the AMPTF Design Reference Mission 
(Ref. 2), portions of which have become obsolete. A revised ver- 
sion is scheduled for 1966. Recent calculations of maximum range 
based on faster walking rates may increase the above value by a 
factor of two or three. 
the astronauts may limit their excursions to less than the maxirmm 
attainable range. 

The 1000-foot 

However, on the initial manned mission, 

To facilitate analysis of the distribution of exhaust plume 
contaminants, the study of distribution has been divided into two 
main categories. 
occurs when the LEM is sufficiently distant from the lunar surface 
so that gas dynamic interactions between the plume and the surface 
may be neglected. In the second, "Near Field Contamination," com- 
plicated interaction processes between the plume and the surface 
must be considered. 

The first, which we term "Far Field Contamination," 

2. The Far Field Distribution 

The gas plum issuing from the LEM descent engine deposits 
contaminants on the lunar surface. 
regimes. 
tinuum fluid flow regime. 
nozzle, the density decreases and a far field free molecular flow 
regime develops. The Far Field Distribution considers the inter- 
section of the plume with the lunar surface when the LEM is suffi- 
ciently distant from the moon so that only the far field flow 
regime of the plume intersects the surface. 

The plume has two major flow 
Adjacent to the nozzle exit there is a compressible con- 

As the gas expands outward from the 

A computer program has been prepared that determines the total 
flux of far field contaminant molecules at each point on the lunar 
surface. The model used for the computer program is discussed in 
Sec. 1V.A. The moon is treated as a smooth sphere. The exhaust 
is treated as a point source of molecules, all of which move with 
the same speed. The assumption of a point source is justified by 
the relatively large distance of the LEM from the surface. 
form speed assumption is justified because in the continuum regime 
the average macroscopic velocity of molecules is relatively ink- 
pendent of molecular weight, and at the boundary of the regime the 
Mach number is sufficiently high so that the random thermal veloci- 
ties of the molecules are small compared to the macroscopic velocity. 
The assumption of an axisynrmetric molecular flux density distribu- 
tion from the point source is a good representation of the actual 
plume density distribution. 

The uni- 
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The computer program i s  designed t o  be versatile. Any LEM tra- 
j ec to ry  can be included i n  the program. 
a t  each point along the  t r a j ec to ry  can be included. 
speed (speed of the molecules) i s  an input parameter. The axisym- 
metric point source molecular f l ux  d i s t r ibu t ion  can be taken from 
a theo re t i ca l ly  o r  empirically derived ana ly t ic  function or from a 
t a b l e  of experimentally determined values. 
t i c s  i s  being used t o  determine the  density d i s t r ibu t ion .  

Any or ien ta t ion  of the  LEM 
The exhaust 

A method of character is-  

A s  described i n  Sec. IV .A,  the  t o t a l  number of molecules inc i -  
dent on each point on the lunar surface can be calculated.  
ve loc i ty  and angle of incidence of the impacting molecules are a l s o  
calculated because they play a r o l e  i n  determining s t ick ing  proba- 
b i l i t i e s .  To f a c i l i t a t e  drawing d i s t r ibu t ion  maps, the  program 
gives the locat ion points  on the lunar surface i n  a spherical  co- 
ordinate  - system with i t s  or ig in  a t  the center of the  moon. L a t i -  
tude, i s  measured from a polar axis passing through the  LEM 
touchdown point.  Longitude, 6, i s  measured from a reference 
plane tangent t o  the  LEM t r a j ec to ry  a t  touchdown. 

The 

On, 

Computed values for  the f a r  f i e l d  d i s t r i b u t i o n  a r e  given i n  
Table 11. 
of the touchdown point i s  shown i n  Fig.  6 .  The r e s u l t s  a r e  for  
a simplified LEN t r a j ec to ry ,  discussed i n  t h a t  sec t ion ,  and may 
be used as ind ica t ive  of t h e  va r i a t ion  of contamination l eve l  w i t h  
posi t ion on the surface.  Results fo r  other t r a j e c t o r i e s  a r e  p r e -  
sented elsewhere (Ref. 3 ) .  

A deta i led  p l o t  of the d i s t r i b u t i o n  i n  the  v i c i n i t y  

It should be c l ea r ly  understood t h a t  the  r e s u l t s  discussed 
above a r e  the d i s t r ibu t ion  of the t o t a l  number of molecules i m -  
pacting on a region. 
i s  a l s o  determined by the  degree t o  which t h i s  f lux i s  adsorbed 
on the surface and on the r a t e  a t  which it i s  subsequently de- 
sorbed (note t h a t  f a r  f i e l d  contamination forms p a r t  of the  Nio 

term defined i n  Sec. 1V.D.  
of molecule w i l l  s t i c k  t o  the lunar surface when it impinges i s  
un i ty ,  and i f  i t s  subsequent r a t e  of desorption i s  so  slow t h a t  
only minor desorption takes place during t h e  lunar  s t a y ,  then the 
t o t a l  number of impacting molecules for  t h a t  species w i l l  corre-  
spond closely t o  f a r  f i e l d  contamination d i s t r i b u t i o n .  
the impinging f lux of molecules may "bounce" severa l  times before 
s t i ck ing  o r  may become p a r t  of t h e  atmosphere ( c f . ,  Sec. 1 V . D ) .  
AS discussed i n  Sec. I V . G ,  ex i s t ing  da ta  on adsorption and de- 
sorpt ion r a t e s  under lunar environmental conditions allow l i t t l e  
more than a rough estimate of orders  of magnitude fo r  these quan- 
t i t i e s .  From the  r e s u l t s  of Sec. IV.F and I V . G ,  it can be s a i d  
t h a t  species of molecules incident  on regions of the  lunar surface 

The d i s t r i b u t i o n  of f a r  f i e l d  contamination 

I f  the  probabi l i ty  t h a t  a given species 

Otherwise ,  
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where they undergo chemical react ions with surface mater ia ls  have 
probabi l i ty  of s t icking close t o  un i ty  and very low desorption 
rates. Thus, fo r  these regions, the f a r  f i e l d  d i s t r ibu t ion  of 
these species, o r  ra ther  of t he i r  react ion products, w i l l  be given 
by the  f a r  f i e l d  f lux.  
adsorbed on the  surface may desorb so rap id ly  t h a t  negl igible  
amounts w i l l  remain by the t i m e  the samples are col lected.  

Conversely, species t h a t  are physical ly  

In  any event, the f a r  f i e l d  f lux  computation is  independent 
of e i t h e r  adsorption or  desorption. The f lux  r e s u l t s  can be used 
t o  ca lcu la te  t he  d i s t r ibu t ion  of f a r  f i e l d  contamination whenever 
b e t t e r  adsorption and desorption data  are avai lable .  

An in te res t ing  r e s u l t  has been found. In Ref. 1 it was sug- 

It i s  now apparent t h a t  only those regions of the  surface 

gested t h a t  because of the widespread d i s t r ibu t ion  of f a r  f i e l d  
contamination, almost a l l  of the lunar surface might be contami- 
nated. 
t h a t  are i n  l i n e  of s igh t  of the  LEMwhile i t s  rocket i s  f i r i n g  
w i l l  receive appreciable f a r  f i e l d  contamination. This f inding is  
not  s ign i f i can t  f o r  the Apollo mission because of the  l imited d is -  
tance t h a t  t he  ast ronauts  can move from the touchdown site. How- 
ever, it is  encouraging t h a t  as t ronauts  on a fu tu re  manned mission 
i n  which a lunar vehicle  i s  used can hope t o  t r a v e l  t o  areas of the  
lunar surface t h a t  w i l l  be r e l a t ive ly  uncontaminated by t h e i r  own 
or  e a r l i e r  missions . 

3.  Near Fie ld  Contamination 

a.  Erosion: The near f i e l d  d is t r ibu t ion  considers the  con- 
tamination of the lunar surface t h a t  occurs when the  continuum 
region of t he  descent engine rocket plume contacts the lunar sur- 
face.  Shock waves i n  the  plume, erosion of surface material, and 
heat ing of t he  surface are factors  i n  determining the composition 
and d i s t r ibu t ion  of contamination of the  surface and i n  the  atmo- 
sphere (see Sec. 1V.B). 

Material eroded from the  lunar surface by the rocket plume is  
expected t o  be heavi ly  contaminated by d i r ec t  contact with the ex- 
haus t  gas. Eroded material tha t  is  redeposited on the lunar surface 
may form an important source of sample contamination. Therefore, 
t h e  d i s t r i b u t i o n  of redeposited material w a s  invest igated using a 
theo re t i ca l  lunar surface model consis t ing of a smooth layer  of 
spher ica l  p a r t i c l e s  of uniform but a r b i t r a r y  radius .  
program was developed t o  calculate  the d i s t r ibu t ion  of t h e  density 
of redeposited p a r t i c l e s  on the  lunar surface.  

A computer 
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Eroded p a r t i c l e s  can be transported by the  gas by three  proces- 
ses (see Sec. V.C of Ref. 1 and a l s o  Sec. 1V.B of t h i s  r epor t ) .  
S m a l l  p a r t i c l e s  are entrained (suspended) i n  the  gas and car r ied  
along by it. Massive pa r t i c l e s ,  too heavy t o  be picked up by the  
gas, may creep" along the  surface.  Creep i s  not  expected t o  re- 
s u l t  i n  wide d i s t r ibu t ion  of eroded material and has not been in-  
vestigated.  Particles of intermediate s ize ,  too la rge  t o  be 
completely suspended i n  the  gas, can be picked up in to  the  gas 
stream; they w i l l  then f a l l  t o  the surface and bounce back again 
i n t o  the  gas stream. Because such p a r t i c l e s  move i n  a series of 

11 

hops, the process i s  termed " sa l t a t ion .  11 

Par t i c l e s  transported by the gas stream w i l l  be ca r r i ed  by it 
t o  t he  edge of the continuum regime of flow. It is  assumed the 
p a r t i c l e s  then follow b a l l i s t i c  trajectories u n t i l  they c o l l i d e  
with the  lunar surface.  A model f o r  the  s a l t a t i o n  process has been 
programed (see Sec. 117.13). 

The cha rac t e r i s t i c s  of the  gas flow f i e l d  and the  ra te  of 
erosion were calculated u t i l i z i n g  the  erosion s tudies  of Roberts. 
Roberts' erosion s tudies  w e r e  a l s o  used f o r  t he  "Suspension Model" 
(Sec. 1v.C). 

Eroded p a r t i c l e  density d i s t r ibu t ions  have been computed fo r  
three p a r t i c l e  s i zes .  The r e s u l t s  a r e  shown elsewhere (Ref. 3 ) .  
Distributions were calculated for  1, 0.1, and 0.01 mm diameter 
p a r t i c l e s .  Results showed t h a t  p a r t i c l e  density decreased s h a r p l y  
w i t h  increasing diameter. T h e  maximum value of the densi ty  of 
redeposited 1 mm p a r t i c l e s  w a s  less than lo5  particles/m2 while 
the value was grea te r  than 1010 particles/m2 for  t h e  0.01 mm pa r -  
t i c l e s  . 
a t  a distance of about 60 m from t h e  LEM i n  the case of t h e  1 mm 
p a r t i c l e s  and a t  a dis tance of 

The density decreased t o  l o 4  particles/m2 (1 particle/cm2) 

l l O m  for  the  0.01 mm p a r t i c l e s .  

The r e s u l t s  ind ica te  t h a t  the  s a l t a t i o n  model i s  v a l i d  over 
a wide range of p a r t i c l e  s i zes  s ince  most of the  p a r t i c l e s  make 
many hops before leaving t h e  continuum regime. 
the program and t h e  r e s u l t s  ind ica te  t h a t  t h e  ca lcu la ted  values 
a r e  correct  t o  within an order of magnitude. 

Examination of 

Results for  the s a l t a t i o n  model and fo r  the  suspension model 
(Secs. 1 V . B  and C) are representa t ive  of an uncompacted "dust" 
surface model composed of p a r t i c l e s  t h a t  do not cohere. The choice 
was considered a conservative one s ince  it  has  frequently been 
suggested t h a t  the  lunar surface i s  covered by a layer  of dust  of 
f i n i t e ,  though possibly s m a l l ,  depth. The  Luna 9 photographs i n -  
d ica te  a surface tha t  i s  ves icu lar  o r  semicompacted. The computer 
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programs are capable of calculat ing the  d i s t r ibu t ion  of erosion 
from such surfaces provided t h a t  data  on t h e  res i s tance  of t h e  
surface t o  t h e  shearing forces of a rocket exhaust are avai lable .  
The Luna 9 photographs may not be c h a r a c t e r i s t i c  of surface con- 
d i t i ons  i n  su i t ab le  LEM touchdown sites.  However, i t  would be 
usefu l  t o  ca lcu la te  erosion d is t r ibu t ions  f o r  model surfaces w i t h  
parameters matching t h o s e  indicated by Luna 9.  

Lunar material  eroded by t h e  descent engine rocket plume and 
redeposited on t h e  lunar surface i s  expected t o  be a s ign i f i can t  
contaminant i n  samples gathered in  t h e  v i c i n i t y  of t h e  LEM. The 
temperature his tory of the  eroded mater ia l  as it i s  transported by 
t h e  hot exhaust gas and subsequently cools w i l l  play a determining 
r o l e  i n  the amount and composition of contaminants adsorbed on i t s  
surface.  Therefore, a study has been made r e su l t i ng  i n  a computer 
program for  calculat ing t h e  d i s t r ibu t ion  of redeposited material 
on the lunar surface and the  temperature h is tory  of t h e  mater ia l  
deposited a t  any locat ion.  The surface model used w a s  a layer  of 
spher ica l  p a r t i c l e s  t h a t  were transported by suspension. 

A solut ion fo r  t h e  heat t ransfer  equation w a s  derived t o  de- 
termine h e a t  t r ans fe r  t o  t h e  p a r t i c l e s  by convection under t h e  
combined boundary conditions of nonzero surface temperature and 
gas temperature. Radiation cooling of t h e  p a r t i c l e s  w a s  included. 
The temperature h is tory  of eroded p a r t i c l e s  w a s  computed (Sec. 1V.C). 
Results shown i n  Fig. 1 2  indicate  t h a t  t h e  surfaces of s m a l l  pa r -  
t i c l e s  ( l e s s  than 0.1 mm i n  radius) may reach temperatures i n  ex- 
cess  of 1100oK. 

b. Adsorption on Sol id  Surface: Distr ibut ion of contamination 
on t h e  lunar  surface by rocket plume erosion has been discussed i n  
Sec. II.D.3.a. W e  here  consider contamination of the lunar surface 
i n  the  absence of erosion due t o  adsorption of the  various const i -  
tuents  of the rocket exhaust gas. 
d i s tance  s u f f i c i e n t l y  f a r  from t h e  touchdown point so  t h a t  erosion 
is  negl ig ib le .  If t h e  lunar surface around the touchdown s i te  has 
high r e s i s t ance  t o  erosion t h i s  distance may be small. The d i s -  
tance w i l l  be l a rge r  i f  an easily eroded layer  of uncompacted or  
loose ly  compacted dust exists a t  t h e  touchdown si te.  

This process w i l l  occur a t  a 

Section 1V.D presents a study of t he  adsorption of species 
of exhaust gas on a plane, noneroding, surface model whose chemical 
composition w a s  chosen t o  resemble t h a t  of c e r t a i n  meteorites. An 
equation f o r  t he  number, N i ,  of molecules of the i th  species of 
gas t h a t  are adsorbed on a u n i t  area of surface a t  t i m e  t w a s  
found. The rate a t  which these molecules are adsorbed is  given by 
fS, where f i s  the  f lux  of the species of molecule from the gas 
t o  a u n i t  area of t h e  surface per u n i t  t i m e ,  and S, the 'kt icking" 
coe f f i c i en t ,  depends on the  molecular species, on the average en- 
e rgy  w i t h  which they strike the  surface, and on the chemical com- 
pos i t i on  of t he  surface (see Sec, 1 V . G ) .  
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The  rate of desorption of molecules i s  given by DN where D ,  
t h e  "desorption" coe f f i c i en t ,  i s  r e l a t ed  t o  t h e  h e a t  of adsorption, 
Q ,  f o r  the species and t o  t h e  lunar surface temperature, T ,  by 

the  expression D = ( 1 / ~ ~ )  e -Q/(RT) , where T~ i s  a constant charac- 
t e r i s t i c  of t h e  surface composition, and R i s  t h e  gas constant.  

A computer program t o  evaluate  N(t) w a s  constructed.  The 
program includes e f f e c t s  of var ia t ion  i n  D w i t h  changing values 
of T as a r e s u l t  of surface heating by t h e  impinging rocket plume 
and subsequent surface cooling a f t e r  engine shut down. 

It was concluded, using t h e  rates of desorption fo r  various 
contaminant species given i n  Table 14 ,  t h a t  H ,  H2 ,  CO,  and C 0 2  

w i l l  desorb so rapidly t h a t  they w i l l  not  be present  i n  t h e  
col lected samples. 

be present,  but only i f  t h e  composition of the  lunar  surface i s  
such t h a t  these species  are chemically adsorbed. The computed 
concentrations of t h e s e  species i n  u n i t s  of kg/m2 on surface areas  
where they  are chemically adsorbed i s  given i n  Fig.  1 3  fo r  areas  
a t  various dis tances  from the  LEM. I n  computing these r e s u l t s  
i t  w a s  assumed t h a t  t h e  lunar  surface temperature i s  constant.  
T h i s  i s  a va l id  assumption a t  dis tances  grea te r  than about 30 f t .  
from t h e  touchdown point where  heating of t h e  surface by t h e  i m -  
pinging rocket plume i s  small enough s o  t h a t  i t s  e f f e c t s  on de- 
sorpt ion can be neglected ( see  Tables 24 and 2 7 ) .  Because of t h e  
present lack of data  on t h e  values of S and D i n  t h e  lunar  environ- 
ment, these r e s u l t s  a t  bes t  can be used only as qua l i t a t ive  guides. 
Experimental s tudies  should be made on t h e  parameters determining 
N(t) and t h e  calculat ions should be repeated when b e t t e r  data  a re  
avai lable .  Variations of D w i t h  T ,  which are of importance a t  
dis tances  from t h e  LEM of less than 30 f t .  a l s o  require  experimental 
invest igat ion.  

O t h e r  species ,  H 2 0 ,  N 2 ,  NO, 0 ,  02, and OH can 

4. Atmospheric Contamination 

Computer programs w e r e  developed t o  trace t h e  h i s tory  a f t e  
touchdown of  t h e  concentrations of C O Y  C 0 2 ,  H ,  H 2 ,  H 2 0 ,  N 2 ,  NO, 0 ,  

02, and OH i n  t h e  lunar  atmosphere (Sec. 1V.E). Adopting as source 
function fo r  t h e  atmospheric contaminants t h e  appropriate f r ac t ion  
of t h e  space and t i m e  d i s t r ibu t ion  of t h e  LEM gases s t r i k i n g  t h e  
lunar  surface,  calculat ions have been made of two models of lunar  
atmosphere contamination. Model I, v a l i d  f o r  l a te r  times. nives 



the  average over the moon of the contaminant gas density as a 
function of solar  wind veloci ty  and time a f t e r  the LEM landing. 

In  t h i s  s implif ied model of the  lunar atmosphere, the exhaust 
gases from the  LEM are assumed t o  spread uniformly over the lunar 
surface, a t t a i n  the temperature of the surface and then be re- 
emitted in to  the  ambient lunar atmosphere a t  a uniform t i m e  rate. 
In turn,  these exhaust gases a re  assumed l o s t  from the atmosphere 
through the mechanisms of: a) co l l i s ions  ( e l a s t i c  and charge ex- 
change) with the  so l a r  wind; b) in te rac t ions  with so l a r  photons 
producing photoionization and photodissociation; c) thermal. 
evaporation from the  top of the  atmosphere; and d) s t icking t o  the  
lunar surface.  

Because the  ambient lunar atmosphere is  extremely r a re f i ed  
(< of the e a r t h ' s  atmosphere), the  mean f r e e  path of the  ex- 
haust gases i s  very la rge  so  tha t  the assumption of a uniform dis -  
t r i bu t ion  over the  lunar surface i s  reasonable f o r  long times a f t e r  
rocket shutoff .  This model then should give the  asymptotic values 
of the gas dens i t ies  approached by space dependent d i s t r ibu t ion  
models. 

Model I1 uses a more r e a l i s t i c  i n i t i a l  d i s t r ibu t ion  of con- 
taminants. In t h i s  model the i n i t i a l  space d i s t r ibu t ion  of the  LEM 
exhaust gas as it impinges on the lunar surface i s  taken as known 
input from the f a r  f i e l d  and near f i e l d  gas dynamics calculat ions 
(cf . ,  Secs. II.D.2 and II.D.3). The gas p a r t i c l e s  i n  t h i s  i n i t i a l  
d i s t r ibu t ion  subsequently undergo a three dimensional diffusion 
i n t o  t h e  th in  lunar atmosphere. It i s  assumed t h a t  t h i s  can be 
adequately represented by a diffusion of t he  p a r t i c l e s  i n  two dimen- 
s ions across the  lunar surface with concurrent l o s s  mechanisms 
occurring i n  the v e r t i c a l  colunm of gas of scale height,  h, f o r  
each species. As i n  Model I, the  atmospheric number density, n, 
f o r  each species  is  assumed uniform over the scale  height,  
t he  p a r t i c l e s  are assumed t o  be thermalized upon s t r ik ing  the  
lunar surface.  
Model 11 considers i n  some d e t a i l  the adsorption and desorption 
occurring a t  t h e  lunar surface f o r  each gas species.  

h, and 

In addi t ion t o  the loss  mechanisms used i n  Model I, 

Resul ts  fo r  Model I are shown i n  Figs. 14-33 of Sec. 1V.E. 
The number density, n ( t ) ,  of contaminant molecules i n  the atmo- 
sphere are given f o r  t i n  the  range 0 < t < lo7  sec. The zero 
value of 
engine. Note t h a t  n ( t )  i s  the t o t a l  of the  ambient atmosphere 
plus  t h e  LEM exhaust fo r  each par t icu lar  species. 

t corresponds t o  the  i n i t i a l  i b i t y o n  of the LEM descent 

The r e s u l t s  are 
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-1 and a lunar surface tempera- 9 -2 
Results for additional values of the parameters 

for a solar wind flux = 10 cm sec 
ture T = 300'K. 
were calculated at Grurmnan and appear elsewhere (see Sec. 1V.E). 

Results for Model I1 are shown in Figs. 34-65 of Sec. 1V.E. 
Here, the number density, n(t), is that for the LEM exhaust gas 
products only; the ambient atmosphere density is neglected. The 
results in Figs. 34-65 assume a lunar surface temperature 
and a solar wind flux 
the case of no sticking of contaminant molecules to the lunar sur- 
face and for the case in which the sticking co- 
efficients have the values given in Table 20. Results for addi- 
tional values of the parameters were calculated at Grumman and 
appear elsewhere (see Sec. 1 V . E ) .  

T = 300°K 
l o 9  cm-2 sec-1. Results were calculated for 

(fl = f2 = 0), 

5. Interactions of Contaminant Molecules with the Lunar Surface 

The probability that a contaminant molecule that strikes the 
lunar surface will stick, and the rate at which gas adsorbed on the 
surface will desorb are necessary data for calculating distributions 
of exhaust gas adsorbed on the surface and of atmospheric contami- 
nation (cf., Secs. II.D.2 and II.D.4). Sticking coefficients for 
10 species of exhaust gas were calculated and the results presented 
in Tables 20 and 22. The surface model used was a rough surface 
having a chemical composition similar to that of meteoroids. The 
calculations utilized a study of accommodation coefficients that 
was conducted at Grumman (Ref. 4 )  and the results of a computer 
program developed by that study. 

Rates of desorption of the 10 species of gas were studied and 
the calculated desorption lifetimes are shown in Tables 17 and 
18. Thermal desorption, solar wind produced desorption, and de- 
sorption by meteoroid impact are discussed in Sec. 1 V . F .  

Unfortunately, lack of data on adsorption and desorption pro- 
cesses under lunar environmental conditions is so severe that calcu- 
lated values in Secs. 1 V . F  and I V . G ,  so  important for determining 
contaminant distributions, are only approximations of the order of 
magnitude. Better data are urgently needed. 

6 .  Thermal Distributions 

The transient temperature distribution produced on and below 
the lunar surface by the impingement of the descent rocket plume 
will play an important role in determining adsorption and desorption 
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. rates for rocket exhaust gas (Secs. IV.G, IV.F, and IV.G), and 
in possible chemical or phase changes in surface materials (see 
Sec. V.E of Ref . 1) . It is also desirable to know the thermal 
history of samples gathered in the vicinity of the LEM. 

culated by means of a computer program. 
surface was obtained from data supplied by Grumman. 
lunar thermal parameters used in the calculations are listed in 
Table 23. 
depths and various distances from the touchdown point are given 
in Table 27. 
l o w  the lunar surface are shown in Fig. 71. For the parameters 
of Table 23 the temperature transients do not penetrate beyond 
the first few centimeters. 

Section 1V.H herein discusses temperature distributions cal- 
The heat flux to the lunar 

Values of the 

The calculated maximum temperatures reached at various 

The temperature distributions at various depths be- 

It should be noted that the computer program used to calculate 
these distributions can incorporate thermal parameters corresponding 
to vesicular or porous surface, but the program does not allow for 
penetration of hot exhaust gas into the lunar surface. 
Luna 9 photographs indicate that considerable penetration of gas 
into the surface can occur, it would be desirable to recalculate 
the temperature distributions taking note of penetration effects. 
Gas penetration may produce temperature transients at greater 
depths than predicted by the present results. 

Since the 

7. Distributions of Space Suit Leakage and Vented Gas 

The metabolic and bacterial contaminants discussed in Secs. 

The importance of space 
II.B.2 and II.B.3 are distributed by gas leaked from the space 
suits and vented from the ascent stage. 
suit leakage is apparent since the astronaut will closely approach, 
and may possibly even come in contact with, the samples he is col- 
lecting. Therefore, every sample collected by an astronaut will 
have had space suit leakage squirted at it. 

The distribution and the rate of leakage from a space suit, 
which is of the order of several hundred 
influenced by the astronauts' activities. Tests should be made of 
the rate and location of suit leakage while the astronaut is en- 
gaged in activities simulating sample collection procedures on the 
Apollo mission. 

cc per minute, will be 

When leakage rates and locations are determined, the distribu- 
tion of contamination that they will produce can be calculated in a 
relatively simple manner. However, in view of the limited time 
period and size of the present contract, it was decided not to pur- 
sue this question. Instead, efforts have been directed toward the 
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investigation of the probable composition and amount of bacteriologi- 
cal contamination (Sec . I1 .Bo 3 ,  111 .A , and 111 .C) and toward the 
establishment of appropriate methods of reducing or compensating 
for space suit and ascent stage leakage contamination (Secs. 1I.E 
and 1V.I). 

E. Minimizing, Detecting, and Compensating for Contamination 

Appreciable contamination will exist in the lunar regions that 
the Apollo astronauts can explore. It is advisable therefore, to 
attempt to minimize and identify contaminants (cf., Sec. IX of 
Ref + 1). Probably, the most important tools in identifying and com- 
pensating for contamination are maps and time histories of the con- 
taminant species (Secs. II.D, IV.A, B, C, D, and E). The location anr 
time at which every lunar sample is collected should be recorded. 
This will allow a statistical comparison between the relative 
amounts of various species of constituents in the samples and the 
predicted contaminant distributions. Such a comparison will help 
distinguish naturally occurring lunar substances from contaminants. 
It is important, therefore, that contaminant distribution maps be 
made as accurate as possible. The statistical comparison will uti- 
lize the results of studies of possible synthesis of new contami- 
nant species by chemical reactions in the- lunar environment (Secs. 
II.B.4, 1II.B). 

A possible method of minimizing contamination in samples is 
to collect them from regions that are partially or totally shielded 
from rocket exhaust gas. 
inside cavities that are distant from the LEM touchdown point. 
The Luna 9 photographs suggest that such surface features exist. 
It should be noted, however, that back contamination problems may 
occur in connection with samples taken from locations shielded 
from the lunar radiation environment. 

suggested. While these are presented as methods for minimizing 
bacteriological contamination, the suggestions are applicable to 
chemical contamination. Section 1V.I suggests the possibility 
of dropping a sampling probe from the LEM prior to or immediately 
after touchdown. The probe would be designed to take a surface and 
near surface sample and seal it against further contamination. The 
sample would subsequently be retrieved by an astronaut. 
suggestion involves the dropping of a container of a substance 
from the LEM prior to touchdown. When it hits the surface the 
substance would spread over a region and form a close-fitting 
impenetrable shield against contamination. 

Such regions may exist under rocks or 

In Sec. IV. I, various devices for minimizing contamination are 

Another 
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The use of tracers to detect the presence of contaminants 
that have come from the LEM is also suggested. Problems arise 
in the selection of a tracer substance that is readily identifi- 
able, nontoxic, noninjurious, and compatible with all phases of 
the scientific mission. 

Another suggestion is for an instrument to be used by the 
astronaut. The instrument would sterilize a small area of the 
lunar surface and would then take a sample with a sterilized tool 
at sufficient depth to avoid the surface contamination. The 
sample would be sealed in such a way that it could be extracted 
without suffering contamination from spacesuit leakage. The 
sample would be free of both bacterial and chemical contamination. 
In connection with using a tool to take a sample at a depth below 
the surface, the Luna 9 photographs indicate a porous surface 
into which contaminants may penetrate. It is apparent that the 
depth of penetration of contaminants into porous surfaces should 
be investigated (see Sec. V . B )  . 
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111. CONTAMINANT COMPOSITION 

A. Metabolic and Biological Contaminants [C. Baulknight ] 

1. Portable Li fe  Support System and Space Su i t  

The leakage rate of C 0 2 ,  02, H 2 0  vapor, and f l a t u s  
gases from t h e  Portable Li fe  Support System (PLSS) and t h e  
Space Suit cons t i t u t e s  addi t iona l  sources of chemical  contami- 
nants. A s  f a r  as i s  present ly  known, however, no actual tests 
have been made on such systems. T h i s  problem i s  now being in=  
vestigated by s c i e n t i s t s  a t  Hamilton Standard (Ref. 5) who have 
made a series of experimental s tud ies  on an  'assimulated' PLSS - 
space suit  configuration t o  determine t h e  effect iveness  of 
l i t h i u m  hydroxide (LiOH) i n  t h e  removal of 
t e m .  
mission p ro f i l e s  and t o  severa l  metabolic work loads. 
s ion  p ro f i l e s  correspond, f o r  instance t o  t o t a l  i n l e t  weight 
flow rate, C02 i n l e t  weight flow ( lbs /hr ) ,  dewpoint (OF), 

etc., and t h e  work loads vary from 1200 BTU t o  2000 BTU. 

C02 i n  a flow sys- 
These experiments were performed t o  correspond t o  varying 

The m i s -  

Although these tests were not performed on t h e  space s u i t  
and PLSS d i rec t ly ,  t h e  information may be d i r e c t l y  re la ted .  
Some of t h e  conclusions and recommendations deducible from t h e i r  
invest igat ions are: 

Cartridge e f f ic iency  i s  inversely proportional t o  t h e  
production rate of 
w i t h  t h e  LiOH bed and t h e  par t ia l  pressure of the enter- 
ing H 2 0  vapor. 

t o  be r e l a t ed  t o  i t s  p a r t i c l e  s ize .  

pared w i t 2  LiOH. 
because during i t s  in t e rac t ion  with C02, 6 mole of oxygen 
i s  generated f o r  each mole of absorbent. 

T h e  experimental tes t  f a c i l i t y  should include a capab i l i t y  
of invest igat ing t h e  leakage from a l l  t h e  reservoi r  com- 
ponents, i.e., t h e  C 0 2  and oxygen. 

be conducted w i t h  a human performing an  a c t i v i t y  equiva- 
l en t  t o  some prescribed metabolic workload. 

C02,  t h e  contact  t i m e  of t h e  gas 

The  eff ic iency of t h e  LiOH i n  the  removal of C02 appears 

Other  CO absorbing material should be t e s t e d  and com- 
L i th ium peroxide h a s  been suggested, 

Leak rate tes t  on a space su i t  and t h e  PLSS system should 



The presently accepted leak-rate f o r  t h e  PLSS i s  20.0 s td .  
cc/min; f o r  t h e  s u i t  i t  i s  200 Std. cc/min. These  rates r e f e r  t o  
the t o t a l  gas mixture and not t o  any p a r t i c u l a r  specie. One would 
ex?ect, on t h e  bas i s  of t h e  t e s t s  run t h u s  f a r ,  that  t h e  major 
species of "leaked" gases would be vapor and f l a t u s  
gases. 
be made on t h e  bas i s  of presently ava i l ab le  information. 

I 
C02, 02, H 2 0  

N o  realist ic estimates of t h e  percentage of these  gases can 1 

i 

1 B o  Photochemical and Radiation-Damage Induced Reactions 
[A. Buchler, J. Berkowitz-Mattuck and P. Glaser] 
1. General 

I The rad ia t ion  environment of t h e  moon can influence t h e  
1 nature  of t h e  c h e m i c a l  contamination of t h e  lunar surface i n  two 

ways. 
spectrum, including t h e  photochemically active vacuum u l t r a v i o l e t ,  
can reach t h e  engine exhaust products and t h e  contaminants adsorbed 
on t h e  lunar surface. Second, t h e  constant bombardment of t h e  moon 
by high-energy rad ia t ion  and solar  wind over t h e  b i l l i o n  years of 
lunar  h i s to ry  may have created a l a rge  number of surface sites i n  
highly excited and hence chemically reactive states. 

F i r s t ,  i n  t h e  absence of an atmosphere, t h e  e n t i r e  s o l a r  

References t o  t h e  hover period i n  t h i s  Section are from por- 
t i ons  of Ref. 2 that are now obsolete .  
d i t i o n s  e x i s t  during the Lo-Gate t o  Pre-Touchdown phases of cur ren t ly  
planned t r a j e c t o r i e s ,  t h e  hover terminology i n  t h i s  Section h a s  not 
been changed, so as t o  avoid unnecessary references t o  c l a s s i f i e d  
documents (Ref .  3). 

A s  s u f f i c i e n t l y  similar con- 

2. Photochemical Reactions 

a. The Solar Spectrum: Most of t h e  energy from t h e  sun i s  
i n  t h e  v i s i b l e  range. 
1.4 x 106 ergs/cm2 -sec, 400 ergs/cm* 
-sec, l i e s  a t  wavelengths less than 2000 A.  Since t h e  primary 
process i n  any photochemical react ion i s  t h e  absorption of energy, 
i t  i s  only t h e  shor t  wavelength, high energy rad ia t ion  which  exceeds 
a minimum threshold energy t h a t  can lead t o  such react ion among t h e  
simple molecules t h a t  compose the TXM exhaust. The photon f l u x  from 
t h e  sun i n  t h e  'u l t rav io le t  region i s  p lo t ted  i n  Fig. 2 (Ref. 6) ;  t h e  
number of particles/cm2 -sec w i t h  energy g rea t e r  than E ev i s  
p lo t t ed  aga ins t  E. 

Ou t  of a t o t a l  s o l a r  rad ia t ion  of about 
a very small f rac t ion ,  about 

b. Absorption Processes i n  t h e  LEM Exhaust: A l is t  of 
t h e  most abundant combustion and a few selected minor products 
of t h e  LEM exhaust and t h e i r  corresponding concentrations i n  
mole-percent i s  given i n  Table 6. For each species, t h e  maxi- 
mum wavelength a t  which s ign i f icant  absorption occurs i s  l i s t e d .  
W e  see t h a t  only t h a t  portion of t h e  s o l a r  spectrum w i t h  wave- 
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lengths less  than 1800 or  energies g rea t e r  than 7 ev can 
i n i t i a t e  photochemical react ions.  
ab le  i n  t h i s  region i s  less than 1013/cm2 -sec. Photochemically 
exci ted molecules produced by absorption of photons may lose  
energy i n  chemical reac t ion  or  may d issoc ia te  t o  f r e e  r a d i a l s  or  
ions t h a t  i n  tu rn  can i n i t i a t e  more extensive reactions.  From 
t h e  point  of view of chemica l  contamination of t h e  lunar surface, 
the  react ions of g rea t e s t  i n t e r e s t  are those t h a t  lead t o  the 
formation of organic compounds. 

T e number of photons avail- 

+ 

t 

t 

lo 1 5 
1 1  

I 1 1 1  
IO 5 0  100 

Fig. 2 The Integrated Solar Photon Flux IS Shown Plo t ted  aga ins t  
t h e  Energy of t h e  Photon . 
Number of Photons per c m  
than t h a t  Given on t h e  Abscissa. 

The Ordinate Gives t h e  Tota l  
sec w i t h  Energy Equal o r  Greater 9 
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Table 6 

COMBUSTION - MINOR PRODUCTS OF LEM EXHAUST 

Species Mole % 

H2° 36 

N2 

H2 

32 

13 

Absorption i s  Detectable 

a t  Wavelengths Less  Than 

1800 

1450 

1200 

co 9.6 1600 

c02 
H 

3.7 

1.9 

1600 

- 
OH 1.6 3080 

NO 0.24 1800 

CHO 

NH 

- 
4500 

c. Reactions i n  t h e  Gas Phase during Hover: Because t h e r e  
e s s e n t i a l l y  are no intermolecular c o l l i s i o n s  i n  t h e  exhaust gas 
p r i o r  t o  deposit ion on t h e  lunar  surface, t h e  only photochemical 
reac t ions  t h a t  can occur i n  t h e  gas phase during hover are those 
t h a t  involve photon absorption and possible  subsequent decompo- 
s i t i o n  t o  r ad ica l s  or  ions. 

The absorption of l i g h t  of in tens i ty ,  Io? by a layer  of 
gas of thickness x and pressure P i s  described by t h e  Beer- 
Lambert Law: 

‘E Px 
I = Ioe 9 

where  E i s  r e l a t ed  t o  t h e  absorption cross  sect ion cr by: 
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where 

-1 n 0 = 2.687 x lo1' cm'3 a t m  3 

t h e  Loschmidt number, During hover, gas i s  released from about 
200 f e e t  [hence x = 6100 cm] and t h e  pressure of water, t h e  
most abundant species, i s  of t h e  order of 0.01 t o r r .  The pres- 
sure  of other species can be calculated from Table 6 .  

Water ghows s ign i f i can t  absorption only a t  wavelengths less 
than 1800 A o r  energies grea te r  than 7 ev. From Fig. 2, t h e  
number of photons i n  t h e  s l a r  spectrum w i t h  energy g rea t e r  than 
7 ev i s  Io Q 9 x 1012/cm' - sec. During t h e  hover period, t h e  
pressure of water vapor i s  of t h e  order of 
sorpt ion cross sect ion varies considerably w i t h  wavelength (Refs. 
7 and 8 ) ,  but f o r  order of magnitude ca lcu la t ions ,  w e  may use an 
average value of 
processes of photochemically exci ted water molecules are as 
follows: 

0.01 t o r r .  The ab- 

E 2 30 a t m - 1  cm'l. The primary decomposition 

H20 + hv -* H(2S) + OH* 

H 2 0  + hv -+ H2 + 0 * 1  ( D) . (3) 

The hydrogen atoms are produced i n  t h e  2S ground state. The 
OH rad ica ls  are producgd i n  t h e  X2II state a t  wavelengths be- 
tween 1430 and 1800 A, but i n  an exci ted A k +  state a t  
wavelengths b e l  1400 A .  T h e  oxygen atoms are produced i n  
t h e  metastable state. From Eq. (l), t h e  maximum amount of 
water vapor i n  t h e  exhaust t h a  could be photochemically disso- 
c i a t ed  during hover i s  8 x loE2 molecules/cm2 -sec. T h i s  i s  
t o  be compared w i t h  t h e  t o t a l  amou t of water released t h a t  i s  
of t h e  order of 10l8 molecules/cm' -sec. 

"1 is photo- 
The  most important photochemical reac t ion  of 

ionizatiog, which  becomes s i g n i f i c a n t  i n  the  spectra  
low 800 A (E > 15 ev). The c ros s  sec t ion  f o r  t h e  process, 

region be- 
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N2 + hv -* N; + e- , ( 4 )  

i s  of t h e  order of 2 x cm2. From Fig. 2, I 9 3 x l o l o  
photons/cm2 -sec f o r  E > 15 ev. A s  the  pressure o!! N2 
I E M  exhaust i s  of the order of 
format on of 

i n  t h e  
t h e  maximum rate of 0.009 t o r r ,  

during a 40 second hover period m u l d  be 
2 x 10 A ions/cm -sec. 

For C 0 2  t h e  primary photolytic react ion i s  decomposition 
t o  CO and metastable oxygen atoms: 

1 
C02 + hv - CO(X 2 )  + O('D) . (5) 

0 

Reaction occurs a t  wavelengths below 1600 A or  energies grea te r  
than 8 ev. With Io '4 2.8 x 1012 photons/cm2 -sec, 
E 2 10 cm'l atm-1 , 
y ie ld  of 1 , w e  f ind  t h a t  about 4.8 x 10-11 C02 molecules/cm2-sec 
are photo ly t ica l ly  decomposed . 

For NO t he  strong absorption i s  below 1800 (E > 7 ev) 

pressure of C02 - 10-3 t o r r ,  and quantum 

and t h e  primary react ion i s  decomposition: 

NO 2 N ( 4 S )  + O(3P) 

Although t h e  absorption coef f ic ien t  i s  qui te  high, E: 2 60 a t m  -1 c m  -1 , 
t he  pressure of NO i n  t h e  exhaust i s  so low, 6.7 x 10-5 t o r r ,  
t h a t  I/Io = 0.966. Because Io % 9 x 1 O I 2  photons/cm2 -sec, t h e  
maximum n of NO molecules t h a t  can dissocigte  i s  
3.1 x 1 0 1 e z 5  -sec. A t  wavelengths below 1236 A (E > 10 ev), 
t h e  primary photochemical react ion of NO becomes ionizat ion:  

NO E NO+ + e- . 
The photon f l u x  f o r  E > 10 ev is about 2.5 x 1011photons/cm2 -sec. 
With E - 60 atm'hn'l t h e  number of N& ions formed w i l l  be less 
than 

% 

9.5 x 10-9 per  cm2 -sec. 

d. Reactions Between Adsorbed Species on t h e  Lunar Surface: 
It i s  clear f rom t h e  above discussion t h a t  t h e  number ot rad ica ls  
and ions produced i n  the exhaust gas  due t o  photon absorption 
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. I  

during the  hover period i s  exceedingly small and would not a l t e r  
t h e  exhaust gas composition detectably.  
co l l i s ions  between photochemically produced species are extremely 
unl ike ly  i n  t h e  exhaust gas during hover but may become important 
w i t h  respect t o  react ions between adsorbed molecules on the lunar 
surface.  

Reactions involving 

We consider f i r s t  a number of photochemical react ions t h a t  
could lead t o  the  formation of organic molecules and about which 
enough is  known f o r  a t  least order-of-magnitude calculat ions of 
t h e  amounts of product t o  be expected. It should be emphasized 
t h a t  most of t he  experimental data ava i lab le  on photochemical 
react ions have been obtained f o r  homogeneous gas phase react ions.  
If similar react ions take place on the lunar  surface,  t h e  in-  
fluence of the  surface i t s e l f  on t h e  react ion k ine t ics  could be 
very large,  although, as discussed below, t h i s  e f f e c t  w i l l  be 
almost impossible t o  ca l cu la t e  beforehand. I n  t h e  extreme case 
of a highly c a t a l y t i c  surface,  react ion could be so extensive 
and rapid t h a t  none of the exhaust products would r e t a i n  i t s  
o r ig ina l  ident i ty .  

Carbon monoxide photochemically exci ted a t  wavelengths less 
than 1550 can r eac t  w i t h  hydrogen t o  produce formaldehyde. 
The react ion h a s  been described by t h e  following s teps:  

co k c w  
Cok + H2 4 CO + 2H 

M + H + C O  - H C O + M  

2HCO + (CHO)2 

2HCO - CH20 + CO . 

(7) 

The s t rongest  absorption band of CO i s  around 8 ev (A = 1550 i) 
corresponding t o  the t r a n s i t i o n  A l p  t X1fi . 
face, w e  will assume t h a t  t h e  rate of formation of photochemically 
exci ted CW , RCOk(rnolecules/cm2 -set) i s  given by: 

On t h e  lunar  sur- 

Rcok = nco' Io , 

34 



where q-O(molecules/cm2) i s  the surface concentration of CO, Io, 
i s  t h e  i n t ens i ty  of so l a r  radiat ion a t  wavelengths l e s s  than 1550 A, 
(normal incidence i s  assumed), and u i s  the absgrption cross  sec- 

cm2 -sec. During hover, about 2 x 10-8 g/cm2 of CO a r e  deposited a 
ap roximately uniformly over an area of 2 x 108 cm2; t h u s  ncoz 4.3 x 

molecules/cm2 -sec . The number of H2 molecules deposited during 
hover (assuming no escape) i s  about  6 x 1018 molecules/cm2. I f  
w e  then assume t h a t  one formaldehyde molecule i s  produced f o r  
every CO molecule excited,  (very unl ikely,  s ince t h e  react ion 
mechanism a l s o  involves co l l i s ion  between CW and H2), we f ind  
t h a t  t h e  rate of formation of formaldehyde must be l e s s  than 
9 x 10-12 g/cm2 -sec. Thus, t h e  time required t o  bui ld  up a 
microgram/cm2 of formaldehyde on t h e  lunar surface by t h e  above 
process would be more than 28 hours. To produce carbohydrates 
i n  s ign i f i can t  concentration by polymerization of formaldehyde 
would take even longer. 

t ion.  For CO, 0 * - 1.6 x 10'20ctn2; I (A < 1550 A) '2 2.8 x 1012photons/ 

10 P molecules/cm2. Thus, from Eq. (12) w e  have k w  'L! 1.8 x 1011 

Ammonia can be syntbesized photochemically by t h e  act ion of 

The Lyman-a l ine ,  which i s  pa r t i cu la r ly  strong i n  the 
t h e  Lyman-a l i n e  (1216 A) on a mixture of hydrogen atoms and 7 

nitrogen. 
s o l a r  spectrum (photon f lux  of 
can e f f e c t  t h e  t r ans i t i on :  

3.9 x 10l1 photons/cm2 -sec), 

2 
H(2P) + H (  S) . 

The number of hydrogen atoms released during hover i s  of t h e  order 
of 9.0 x 1017/cm2. 
H(2P) 
Lyman-a f lux,  and if the quantum yield of ammonia i s  unity,  w e  
f i nd  t h a t  photochemical react ion would have t o  proceed f o r  more 
than 25 hours t o  provide a microgram/cm2 of ammonia on the 
lunar surface.  

I f  we  assume t h a t  t h e  r a t e  of formation of 
atms via  Eq. (13) during t h e  hover period i s  equal t o  t h e  

The photolysis of water vapor can lead t o  t h e  production of 
hydrogen peroxide v ia  the primary absorption react ions [Eqs. (2) 
and (3)1 c i t e d  above, followed by 

20H - H202 
or 



O('D) + H20 3 H202 , (15) 

W e  can use t h e  analogue of Eq. (12) w i t h  nH20 'I: 1.7 1019 
molecules/cm2, Io 2 9 x 1012 photons/cm2 -sec, 0 2 1.3 cm2 
t o  ca lcu la te  t h e  rate of photochemical decomposition of water on 
t h e  lunar  surface. I f  w e  assume a quantum y ie ld  of one-half, 
then it  would be possible t o  form microgram/cm2 quan t i t i e s  of 
hydrogen peroxide i n  t i m e s  of t h e  order of 5 minutes. 

W e  discussed above t h e  photolyt ic  decomposition of 
and NO. On t h e  lunar surface, approximately 3-6 hours 
be required t o  decompose a microgram/cm2 of C02 t o  CO and 
0 o r  NO t o  N and 0. The atoms might i n  tu rn  react further. 

I n  several  experiments i n  recent years, amino ac ids  have 

CO2-N2-H2-V20; 
been synthesized by t h e  ac t ion  of an electric discharge on mix- 
tu re s  of simple inorganic molecules such as 
CO-N -H2-H20; CO2-"3-H -HzO. There has  been speculation t h a t  

l i g h t .  Groth (Ref. 7) d id  produce amino ac ids  by i r r a d i a t i o n  of 
a gaseous mixture of CH4, NH3, and H 2 0  with enon resonance 
l i g h t  a t  1470 and 1295 A ,  
However, t h e  gas pressures h e  used were CH4, 400 t o r r ;  "3, 
150 t o r r ;  and H20,  100 t o r r ;  and i r r a d i a t i o n  had t o  be con- 
tinued f o r  24 hours before unequivocal r e s u l t s  were obtained. 
It is  in t e re s t ing  t o  note  t h a t  a t  a lower water vapor pressure, 
15 t o r r ,  
y i e lds  of methyl and e t h y l  amines. Thus, i f  photochemical re- 
ac t ions  a r e  t h e  only ones t h a t  can occur among the  LEM exhaust 
products, s ign i f icant  quan t i t i e s  of amino ac ids  cannot be ex- 
pected w i t h i n  t he  time of the  mission. 

s i m i  1 ar react ions could E e i n i t i a t e d  by t h e  ac t ion  of u l t r a v i o l e t  

t o t a l  i n t e n s i t y  l 0 l g  photons/sec. 

amino acids  were not formed, although the re  were small 

We have yet t o  explore t h e  chemical reac t ions  produced by 
t h e  more energetic p a r t i c l e s  of t h e  s o l a r  wind, and t h e  e f f e c t s  
of t h e  rad ia t ion  damaged lunar surface on chemical  contamination. 

3. Catalytic Reactions on t h e  Lunar Surface 

Catalysis  is by i t s  very na ture  highly s p e c i f i c  and can 
be discussed only i n  terms of p a r t i c u l a r  reac t ions  on p a r t i c u l a r  
c a t a l y t i c  surfaces. It i s  d i f f i c u l t  t o  apply t h e  data  ava i l ab le  
i n  the  vast c a t a l y s i s  l i t e r a t u r e  t o  t h e  s p e c i f i c  problems of t h e  
lunar surface. Even i f  we  knew more about t h e  na ture  of t h e  lunar 
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surface, we  s t i l l  could not  predict  react ion rates among LEM 
exhaust products from any information current ly  ava i lab le  on 
t h e  c a t a l y t i c  nature  of oxide surfaces. 

On t h e  bas i s  of t h e  environment t o  which it has  been ex- 
H m -  posed, the lunar surface should be c a t a l y t i c  i n  nature. 

ever, it is  not  possible  t o  predict  what react ions might be 
catalyzed and t o  what extent.  
ac t iva ted  by prolonged degassing a t  elevated temperature. 
thermore, i n  most of t h e  s tudies  t h a t  have been made of t h e  
enhancement of c a t a l y t i c  a c t i v i t y  by i r rad ia t ion ,  t h e  e f f e c t s  
have been no la rger  than those produced by more e f f i c i e n t  vac- 
uum degassing (Ref. 8). It seems clear t h a t  t h e  pa r t s  of t h e  
lunar surface t h a t  have been subject both to  so l a r  wind and t o  
temperatures of 400°K i n  a vacuum environment f o r  t h e  order 
a b i l l i o n  years, should have maximum c a t a l y t i c  a c t i v i t y  f o r  t h e  
pa r t i cu la r  materials involved. 

I n  general, oxide c a t a l y s t s  are 
Fur- 

Because t h e  main contaminant introduced from the  LEM exhaust 
i s  expected t o  be w a t e r ,  i t  should be pointed out t h a t  water com- 
monly poisons oxide c a t a l y s t s  (Ref. 9) . 
chemisorption of water vapor exceeds t h e  rate of any po ten t i a l  
c a t a l y t i c  reaction, t h e  lunar surface may be e f f ec t ive ly  poisoned. 

Thus, if t h e  rate of 

I n  addi t ion  t o  possible  s t ra ined,  high-energy surface sites 
formed by long term degassing and proton bombardment from the  
so l a r  wind, t h e r e  w i l l  be posi t ively charged sites on t h e  moon 
t h a t  might react rapidly w i t h  incoming neut ra l  combustion pro- 
ducts. 
competition between t h e  photoelectr ic  e f f e c t  and t h e  accret ion 
of e lec t rons  from outer  space. 
cate minerals i s  about 10 ev. The H e  I1 304 l i n e  whose output 
from t h e  sun i s  about 15 ergs/cm2 -sec or  2.3 x 10l1 photons/ 
cm2 -sec, 40 ev, should be pa r t i cu la r ly  effec-  
tive i n  inducing emission of photoelectrons from t h e  lunar  sur- 
face. 
dens i ty  of photoelectrons of 
charge of 
0.28 pos i t i ve  charges on 511. par t i c l e s  (Refs. 10 and 11). 

The pos i t ive  charge on the lunar surface i s  due t o  a 

The work function of most s i l i -  

each of energy 

The ne t  r e s u l t  of t h e  competition i s  a maximum surface 

and a maximum number of 
3.6 x 105/cm2, a maximum surface 

5.75 x 10-10 coulombs/m2, 

W e  have been concerned t o  t h i s  point about the  possible  
e f f e c t  of rad ia t ion  and so la r  wind on t h e  c a t a l y t i c  propert ies  
of t h e  lunar surface p r io r  t o  t h e  introduct ion of t h e  LEM con- 
taminants. It i s  a l s o  conceivable t h a t  t h e  rad ia t ion  environment 
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may in t e rac t  w i t h  adsorbed species t o  produce react ions t h a t  
might not  occur t o  t h e  same extent  i n  a homogeneous system ex- 
posed t o  the same degree of radiat ion.  A recent review of t h e  
subject  (Ref . 12) unfortunately does not  include examples t h a t  
are per t inent  t o  t h e  L E M  contamination problem. 

4. Summary 

Photochemical react ions are possible  i n  t h e  exhaust 

The calculated rate of photochemical 
gas during hover but they w i l l  not a l t e r  the exhaust composition 
t o  a measurable extent.  
decomposition of H20 ,  N 2 ,  C02,  and NO during hover are  
summarized i n  Table 7. 

Table 7 

PHOTOCHEMICAL REACTIONS I N  THE EXHAUST GAS DURING HOVER 

Reactant Products Maximum Rate of Reaction, 

Molecules /cm2 = sec 

H2° 

N2 

H + OH o r  

H2 + 0 
N ~ +  + e- 

c02 co + o 
NO (E > 7 ev) N + O  

NO (E > 10 ev) NO+ + e- 

5 x 1oI8 

2 x lo8 
5 x 

1 2  2.2 x 10 

8.5 x 10 9 

Photochemical react ions between adsorbed gases on t h e  lunar  
surface w i l l  be of g rea t e r  importance. Maximum rates of formation 
and t h e  times required t o  form microgram/cm2 quan t i t i e s  of formal- 
dehyde, aunnonia, hydrogen peroxide, and a number of atomic species 
were calculated.  The data are suxumarized i n  Table 8. F u r t h e r  re- 
ac t ions  among t h e  r ad ica l s  produced are poss ib le  but  cannot be 
predicted quant i ta t ively.  
t o  have an  uncertainty of about a f a c t o r  of 2. 

The  r e s u l t s  i n  Tables 7 and 8 are judged 
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Table 8 

PHOTOCHEMICAL REACTIONS ON THE LUNAR SURFACE 

Reactants Products Rate of Formation of Time t o  Form 
Product, g/cm 2 -sec 4.1 g/cm2 of 

Product, h r s  

CO + H2 HCHO 9.6 x 10" 29 

H + N 2  "3 10-l1 28 

H2° H2°2 5 .5  loog 0.05 

2 -10 

-10 
co + 0 1.7 x 10 c02 

NO N + O  1.1 x 10 2.5  

A number of experiments i n  which amino acids  were synthesized 
from mixtures of simple inorganic gases were evaluated w i t h  re- 
spect  t o  t h e  I E M  contaminatim problem. 
i s  highly ca t a ly t i c ,  amino ac ids  are not  ant ic ipated i n  detectable  
concentration . 

Unless the lunar surface 

Due t o  t h e  high vacuum and radiat ion environment of t h e  moon, 

However, it is  impossible t o  pre- 
t h e  lunar  surface should have maxinun c a t a l y t i c  activity Zcr t h e  
p a r t i c u l a r  materials involved. 
d i c t  t h e  react ions t h a t  might be catalyzed or  t o  ca lcu la te  even 
t h e  order  of magnitude of t h e  react ion rates. 
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The  following l i s t i n g  i s  intended primarily t o  a i d  an experimental in- 

ecology of t h e  su i ted  astronaut  on t h e  Lunar surface.  
program may be conducted independently of, o r  i n  conjunction w i t h ,  a 
physiological invest igat ion.  Generally, t h e  in tegra t ion  of micro- 
biological  and physiological programs necess i ta tes  s ac r i f i c ing  
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I V .  CONTAMINANT DISTRIBUTION 

A. Far Field Distr ibut ion [F. Koch] 

1. General 

The g a s  plume issuing from the  LEM descent rocket engine nozzle 
i n t o  t h e  vacuum around the  moon i n t e r a c t s  with the lunar surface 
causing contamination of the  surface.  
major flow regimes. Adjacent t o  t h e  nozzle e x i t  there  i s  a com- 
p res s ib l e  continuum f l u i d  flow regime, but as the  gas continues t o  
expand out from the nozzle the  density decreases, and a f r e e  molecu- 
l a r  flow, f a r  f i e l d  regime develops. 

The rocket plume has two 

When the  LEM vehicle, i n  i t s  landing t r a j ec to ry ,  i s  a t  an 
appreciable a l t i t u d e ,  only the  f u l l y  developed f a r  f i e l d  of the ex- 
haust plume in t e r sec t s  t he  moon. This in te rac t ion  produces the  f a r  
f i e l d  contamination t h a t  has been analyzed and determined by assum- 
ing free-molecular point-source flow of the  exhaust gas i n  the  lunar 
grav i ta t iona l  force f i e l d .  

These reasonable s implif icat ions make it possible  t o  determine 
the primary-impact mass f lux  d i s t r i b u t i o n  on the  lunar surface f o r  
a given posit ion of LEM. 
(accommodation coef f ic ien t  equal t o  uni ty)  t h i s  d i s t r i b u t i o n  i s  the  
contamination f lux  d i s t r ibu t ion .  
the surface (accommodation coe f f i c i en t  less than unity) necessi-  
t a t i n g  addi t ional  analysis  t h a t  i s  very involved and fur ther ,  re- 
quires  some speculation as t o  the  nature  of t he  lunar surface.  
as a f i r s t  approximation, only the  primary contamination f lux  d i s -  
t r i bu t ions  are considered herein t h a t  should give conservative con- 
tamination leve ls .  The t o t a l  contamination a t  a f ixed  lunar point  
is  then obtained by in tegra t ing  the  contamination f lux  a t  t h a t  
point over t he  t i m e  i n t e r v a l  of t he  LEM landing t r a j e c t o r y  fo r  
which the f a r  f i e l d  contamination f l u x  ca lcu la t ion  is  va l id .  

I f  a l l  t h e  gas s t i c k s  t o  the  surface 

Some of the  gas can rebound from 

Thus, 

The point source c h a r a c t e r i s t i c s  (veloci ty  and densi ty  f ac to r  
d i s t r ibu t ions)  necessary f o r  t h i s  ana lys i s  are obtained by a sub- 
s i d i a r y  analysis using the flow proper t ies  of the  rocket exhaust 
plume calculated by the method of c h a r a c t e r i s t i c s .  

2 .  Formulation 

a. Assumptions and Flow Model: Several  assumptions are made 
i n  defining the flow model t o  descr ibe t h e  t r a n s f e r  of t h e  descent 
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rocket exhaust gas t o  the  lunar surface and t o  determine the  re- 
s u l t a n t  surface contamination d is t r ibu t ion .  The moon i s  assumed 
t o  be a sphere with no atmosphere t o  i n t e r f e r e  with the exhaust 
gas moving toward the lunar surface. 
f i e l d  becomes a governing fac tor  i n  analyzing t h i s  flow. 

The lunar grav i ta t iona l  force 

Method of cha rac t e r i s t i c s  calculat ions show tha t  the far f i e l d  
flow of the  rocket exhaust plume resembles a f r e e  molecular point  source 
flow. The streamlines become s t r a igh t  and appear t o  r ad ia t e  from a 
point near the nozzle exit and the magnitude of the  veloci ty  approaches 
the  l imi t ing  veloci ty  of the gas. The densi ty  var ies  approximately 
inversely with the square of the  dis tance from the  v i r t u a l  source 
center  and is  a l s o  a function of the conical angle between the flow 
d i rec t ion  and the nozzle center l ine.  

For the  present problem (determination of the f a r  f i e l d  con- 
tamination), the  continuum flow region around the  nozzle exit i s  
very small i n  comparison t o  the  f r ee  molecular flow region t h a t  
extends t o  the lunar surface and i ts  e f f e c t  on the contamination 
is assumed t o  be negl igible .  In other words, the outer  boundary 
of the continuum flow regime is assumed t o  shr ink t o  a point ( the 
LEM center  of gravi ty)  when considering the per t inent  dis tances  i n  
the problem (e.g., LEM a l t i t u d e ) .  This point then becomes the  
center  of a f r e e  molecular point  source flow with cha rac t e r i s t i c s  
equal t o  those of the  f a r  f i e l d  of the exhaust plume. The source 
characcer isr ics  are given by two dis t r ibu t ions  t h a t  are independent 
of t he  dis tance from the source center;  a veloci ty  d is t r ibu t ion  
t h a t  has a constant magnitude and a densi ty  fac tor  d i s t r ibu t ion  
(F.e.; product of densi ty  and tne square of the r ad ia l  distance f r c l m  
t h e  source center) t h a t  i s  axisymmetric about the  nozzle center l ine.  

Because the  exhaust veloci ty  of the gas i s  very close t o  i t s  
l imi t ing  value, the  random thermal component of the  molecular 
ve loc i ty  fo r  each of the  species in  the  exhaust gas i s  small and 
assumed t o  be negl igible .  Thus, a l l  of the  molecules emanating 
from the  source have the  same veloci ty .  This assumption, coupled 
with t h e  f a c t  t h a t  the t r a j e c t o r i e s  are independent of molecular 
weight, lead t o  the  conclusion tha t  the f lux  of f a r  f i e l d  contami- 
na t ion  t o  the  lunar surface i s  homogeneous (no differences between 
fluxes of the  individual  exhaust species t o  the  surface due t o  d i f -  
ferences i n  molecular weight). 

The f l o w  model thus consis ts  of a moving, f r e e  molecular-flow 
point  source i n  the  lunar gravi ta t ional  force f i e l d .  The ve loc i ty  
of the gas molecules flowing from the source is the  vector sum of 
the  ve loc i ty  a t  which the source (LEM) i s  moving and the source ex- 
haus t  veloci ty .  A t  ign i t ion  of the descent engine the LEM veloci ty  
i s  approximately half  the exhaust ve loc i ty  and so must be included 
i n  t h e  analysis .  The random thermal veloci ty  i s  considerably 
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smaller. The molecules follow o r b i t a l  t r a j ec to ry  f l i g h t  paths 
t h a t  may in t e r sec t  t he  spherical  lunar surface where, as a 
f i r s t  approximation, they can be assumed t o  be f u l l y  adsorbed. 

b. Analysis and Equations f o r  Contamination Calculation: The 
t o t a l  f a r  f i e l d  contamination d i s t r ibu t ion  on the  lunar surface i s  
obtained by in tegra t ing  a t  each of a series of f ixed lunar points,  
the  t i m e  h i s tory  of contamination f lux  fo r  the  t i m e  period of t he  
f a r  f i e l d  portion of the  LEM landing t r a j ec to ry .  The input data  
(LEM posit ion and ve loc i ty  and the point source exhaust ve loc i ty  
and density f ac to r  d i s t r ibu t ion)  are such t h a t  t he  in tegra t ion  must 
be done numerically by determining the  f lux  a t  d i s c r e t e  times over 
the powered descent phase of the LEM t r a j ec to ry .  

The pr incipal  equation i n  the  f lux  ca lcu la t ion  i s  the standard 
gravi ta t iona l - force- f ie ld  pa r t i c l e - t r a j ec to ry  equation (e.g., Ref. 13) 
t h a t  defines the f l i g h t  path of a p a r t i c l e  as a conic sect ion.  This 
equation i s  most e a s i l y  solved i n  a spherical  coordinate system with 
o r ig in  a t  the center of t h e  moon and with polar ax i s  going through 
a known point on the  t r a j ec to ry .  A part ic le  moves i n  a plane and 
i t s  coordinates (r and 8, see Fig.  3) a t  any t i m e  are r e l a t e d  
by the  t r a j ec to ry  equation 

where 

P 

2 

= 2ro (%) 

2 2 
2q, - Q 

on the sur face  of t he  moon 

~~ 

(r = R) 



Particle 

Fig. 3 Nomenclature f o r  a P a r t i c l e  Trajectory Plane 

For a given p a r t i c l e  ve loc i ty  (magnitude, go, and direct ion,  eo) 
a t  the  source point,  
on t h e  lunar  surface, Om, can be determined by s e t t i n g  r = R. 

ro, the r e l a t i v e  posi t ion of t he  impact point  

t To ca lcu la te  the  t o t a l  contamination a t  a f ixed point on the 
lunar surface,  the particle t ra jec tory  equation must be applied 
repeatedly t o  t h e  source as it moves along the  LEM t ra jectory.  

the  p a r t i c l e  t r a j e c t o r i e s  ro t a t e s  relative t o  the f ixed point .  
thermore, t he  p a r t i c l e  t ra jec tory  equation does not  e x p l i c i t l y  de- 
termine which particle w i l l  land a t  the  f ixed point.  
these d i f f i c u l t i e s ,  a d i f fe ren t ,  i nd i r ec t  approach nust be taken. 
Therefore, a t  a given t i m e  o r  equivalently fo r  a given posi t ion of 

t h e  source t o  in t e r sec t  the fixed point  and t h i s  ve loc i ty  uniquely 
determines the  particle t h a t  lands there .  

The 

Fur- I movement of the  source means that the  local coordinate system f o r  

l To circumvent 

I 

I the source, we ca l cu la t e  the veloci ty  t h a t  a particle must have a t  



The fixed point where the  t o t a l  contamination i s  t o  be calcu- 
l a t e d  i s  referenced t o  the  same spherical  coordinate system used 
fo r  the  LEN t r a j ec to ry .  This f ixed coordinate system i s  shown i n  
Fig. 4, with or ig in  a t  the  center of the moon, polar axis passing 
through the LEM touchdown point,  and meridional reference plane 
coincident with the LEM t r a j ec to ry  plane a t  touchdown. In t h i s  
system, the coordinates of the fixed point and the  source are 
(R, zm, 6) and (ro,  BL, A), respect ively.  The coordinates of 
the  f ixed point i n  loca l  par t ic le  t r a j ec to ry  coordinates 
are found from the  following transformation equations: 

- 
(R, em, 6) 

- 
cos e m = cos e L cos Bm + s i n  e L s i n  S m  cos(^ - 6) , ( 1 7 4  

- - 
s i n  8 sin(A - 6) m 

s i n  8 m 
s in@ - 6) = 

where C 
t he  L E M  posi t ion plane defined by the  touchdown point  and the  
pos i t ion  vector of LEM, r . 

i s  the angle between the loca l  LEM t r a j ec to ry  plane and 

0 

Substi tuting the  value of 8, from the transformation equa- 
t i on  [Eq. (17a)l i n t o  the  t r a j ec to ry  equation [Eq. (16)] i s  not 
su f f i c i en t  t o  determine the  i n i t i a l  ve loc i ty  components ( rad ia l ,  
qr,  and perpendicular, qp) of the  required t r a j ec to ry .  These 
components have t o  be found, when they e x i s t ,  by solving simul- 
taneously the  t r a j e c t o r y  equation and the  vector sum equation fo r  
the t o t a l  ve loc i ty  of the p a r t i c l e  a t  t he  source. The t r a j e c t o r y  
equation, i n  terms of the  ve loc i ty  components with r(6)  = R and 
8 = Om, becomes 

- 
where r i s  the  r a t i o  of the  i n i t i a l  pos i t i on  radius ,  ro, t o  
the radius of the  moon, R. The source exhaust velocity, '  
and the  veloci ty  of LEM, qUM, 
mine the t o t a l  i n i t i a l  ve loc i ty  of t h e  par t ic le .  
ve loc i ty  components, t h i s  equation i s  

95' 
are added v e c t o r i a l l y  t o  de te r -  

In t e r m s  of t he  
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Having determined the  i n i t i a l  ve loc i ty  components by numerical 
solut ion of Eqs .  (18) and (19), the  angle between the  loca l  source 
ve loc i ty  and the nozzle center l ine,  i s  calculated by the f o l -  
lowing equation: 

cp, 

cos cp= 'qr cos B c o s ( @ - a ) + q  [cos B cos 6 s i n ( @ -  a) - s i n  p s i n  a ]  1 P 

cos k3 cos , 1 
- 

~ L E M  

where a i s  the angle between the nozzle center l ine  and the  L E M  
ve loc i ty  vector i n  the  loca l  LEM t r a j e c t o r y  plane, and p i s  the  
angle the  center l ine  makes with t h i s  plane (see Fig. 5 ) .  The 
angle cp is  needed t o  f ind  the value of t he  densi ty  fac tor  d i s -  
t r ibu t ion ,  D(cp), of the  point source t h a t  corresponds t o  the  
par t ic le  t r a j e c t o r y  where 

Source (LEM) 

\ 

r 
0 

Fig. 5 Nozz l e  C en ter  1 i n e  Orientat ion 
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Now t h a t  the  p a r t i c l e  t ra jec tory  t h a t  i n t e r sec t s  the  f ixed 
point has been determined, the contamination f lux  transported along 
t h i s  t r a j ec to ry  must be calculated.  This i s  done by equating the 
flow rate a t  the source t o  t h a t  impacting the lunar surface along 
a d i f f e r e n t i a l  "streamtube" of t h e  t ra jectory:  

= p q d A d t  Pm%&rndtrn J J  J J '  

In t h i s  equation, subscr ipts  m and J r e f e r  t o  conditions a t  the 
moon's surface and a t  the source, respect ively.  It i s  necessary t o  
include both t i m e  d i f f e r e n t i a l s  t o  account f o r  var iable  p a r t i c l e  
t ransport  times between the  source and the lunar  surface.  The pre- 
ceding equation i s  rearranged t o  define the  contamination flux, I, 
as 

t o  f a c i l i t a t e  the  ant ic ipated integrat ion by using the tJ t i m e  
scale .  It should be noted t h a t  I(tJ) i s  not  t he  t r u e  build-up 
rate a t  the  f ixed point.  However, the  integrated r e s u l t  is  inde- 
pendent of t h e  t i m e  scale. The d i f f e r e n t i a l  area r a t i o  i s  derived 
from, the C,rrsjcctory equaiiun by assuming a d i f f e r e n t i a l  area a t  the 
source and computing t h e  resu l tan t  d i f f e r e n t i a l  area a t  the  moon's 
surface.  This area r a t io  i s  incorporated i n  a flow expansion fac-  
t o r ,  F, defined as 

2 2 2  
2 Q,-qIJm cos 8 )+(qo+qJ-qLEM) s i n  8 -] s i n  8 

2 m Q (I - cos 6 )( 
QP m 
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The contamination f lux  then becomes 

- -  
The t o t a l  contamination a t  the  f ixed point, C(O$), i s  then 

calculated by integrat ing the  f lux  from the  t i m e  the  descent rocket 
engine i s  ignited,  ti, u n t i l  t he  t i m e ,  tf ,  t h a t  it i s  turned 
off o r  t h a t  t he  assumptions of the mathematical model described 
here in  a r e  no longer va l id  

Because the contamination f lux  i s  not given as an ana ly t i ca l  function 
of t i m e ,  but can only be calculated a t  d i s c r e t e  i n s t an t s  of t i m e  
over the  course of the  LEM descent, t h i s  in tegra t ion  must be done 
numerically . 

This e n t i r e  procedure i s  repeated a t  as many f ixed  points  as 
It might be mentioned here  t h a t  the  se l ec t ion  desired or  needed. 

of the fixed points  i s  completely a r b i t r a r y .  However, one conve-1 
n ien t  set of points  are those located on concentric r ings  around 
the  L E M  touchdown point .  
summarized i n  Table 9.  

The over -a l l  ca lcu la t ion  procedure i s  

c .  Subsidiary Analysis fo r  Point Source Character is t ics :  The 
point source cha rac t e r i s t i c s  (veloci ty  and densi ty  f ac to r  d i s t r ibu -  
t ions  a t  the  source center) are input  da ta  f o r  the  f a r  f i e l d  contami- 
nat ion calculat ion described above. These c h a r a c t e r i s t i c s  are chosen. 
SO t h a t  the source flow f i e l d  approximates the  flow i n  the  f a r  f i e l d  
of the  rocket plume and thus depend on the  rocket engine t h r o t t l e  set- 
t i ng .  The plume flow f i e l d  fo r  each t h r o t t l e  s e t t i n g  i s  calculated by 
the  method of cha rac t e r i s t i c s  and even though t h i s  method assumes con- 
tinuum flow, the propert ies  needed f o r  t h i s  ca lcu la t ion  (velocity,  
flow direct ion and density) are f a i r l y  accurate  when the  flow becomes 
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Table 9 

OUTLINE OF FAR FIELD CONTAMINATION CALCULATION 

A. Select  a Fixed Point on Lunar Surface Relat ive t o  LEM 
Touchdown Point (B,rT) 

Determine the  Time History of Contamination Flux a t  the 
Point [I = I(tJ) 3 

B. 

1. Transform Point t o  Local LEM Coordinates (em, 6) 

2. Compute I n i t i a l  V e l o c i t y  Components of the Trajectory 
t h a t  In te rsec ts  the Point 

3 .  Calculate Flow Expansion Factor Between Source and 
the  Point (F) 

4 .  Find Angle Between Local Source Velocity and Nozzle 
Centerline ((a) t o  Evaluate D ( Q  

5. Solve f o r  Resultant Parameters a t  the  Fixed Point 

a. Contamination F lux  (I) 

b. Impact Angle (gm) 

c .  Impact Velocity (qJ 

* 
* 

C. In tegra te  Contamination Flux t o  G e t  Total  Contamination a t  
t he  Fixed Point [C(em,F) ] 

* 
These parameters are important i n  determining accommodation 
coef f ic ien ts .  

very r a r e f i e d .  For p rac t i ca l  purposes, the  boundary between the 
two f.low regions of the  plume i s  assumed t o  be where the  ve loc i ty  
obtains  a value within 1 o r  2 percent of t he  l imit ing ve loc i ty  of 
t he  gas.  

For a t rue  source flow, the density,  p('P,rJ), var ies  in- 
verse ly  with t h e  square of the rad ia l  distance,  
source center  so t h a t  a densi ty  factor  d i s t r ibu t ion ,  D((P), a t  
t he  source center  is: 

rJ, from the  
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In our approximate case, the  above expression i s  calculated 
a t  several axial s t a t i o n s  i n  the  rocket plume. The de f in i t i on  of 
r a d i a l  distance used f o r  these calculat ions i s  the  length of the  
extension of the l o c a l  ve loc i ty  vector t o  i t s  in te rsec t ion  with 
t h e  nozzle center l ine .  Because the  f a r  f i e l d  i s  not t r u l y  a point  
source flow, the  r a d i a l  distances do not i n t e r sec t  the center l ine  
a t  a common point and the  calculated d i s t r ibu t ions  are not exact ly  
a l i k e .  The differences between these d i s t r ibu t ions  decrease f o r  
t h e  downstream s t a t i o n s  so t h a t  an approximate l i m i t  d i s t r i b u t i o n  
can be determined and assumed t o  be the  density fac tor  d i s t r i b u t i o n  
of t he  point source. 
of the source ve loc i ty  i s  determined by equating the  mass flow rate 
of t he  source with t h a t  of the  rocket.  I ts  value i s  general ly  j u s t  
under the l imi t ing  ve loc i ty  of t he  gas. 

Based on t h i s  r e s u l t ,  the  constant magnitude 

3 .  Results and Conclusions 

The calculat ions are car r ied  out using an IBM 7094-11 d i g i t a l  
computer. The t i m e  dependent input data  f o r  t h i s  ca lcu la t ion  are 
given i n  Table 10. The data  shown i n  t h i s  t a b l e  are required fo r  
each instantaneous pos i t ion  of LEM considered over the  e n t i r e  t i m e  
span of the f a r  f i e l d  calculat ion.  In  addi t ion t o  these data,  a 
number of constants are required (e.g., Qm, R, tf ,  and the loca- 
t i ons  of the f ixed poin ts ) .  

A. 

B. 

Table 10 

TIME DEPENDENT INPUT DATA FOR IBM CALCULATION 

LEM Landing Trajectory 

1. LEM Trajectory Coordinates (h, eL, A) 

2.  Orientation of Local LEM Trajectory Plane (C) 

3 .  

h i s  LEM Al t i tude  ( ro  E h + R) 

L E M  Velocity i n  Trajectory Plane 
[Magnitude (qLm) , Direction (0) 3 

Source Charac te r i s t ics  of Descent Engine 

1. Exhaust Speed (qJ) 

2.  Nozzle Centerline Or ien ta t ion  Relative t o  LEM 

3 .  Density Factor Dis t r ibu t ion  [D(q) ] 
Velocity Vector (a, p) 

((P - Conical Angle Between Local Source Velocity and 
Nozzle Centerline) 
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Results f o r  a s implif ied LEM t r a j e c t o r y  based on Ref. 2 
(B = C = A = 0, 
The arrangement of the  data  i n  t h i s  t a b l e  i s  such t h a t  the  co lums  
indica te  the contamination var ia t ion along g rea t  c i r c l e  a rc s  ema- 
nating from the  touchdown point; and t h a t  the rows indica te  the  
va r i a t ion  on circles concentric with the touchdown y i n t .  Contami- 
nation concentration i s  given i n  u n i t s  of s l u g s / f t  From t h i s  
table ,  it csn be seen t h a t  the most rapid f a l l - o f f  i n  contamination 
occurs a t  and thus may be a preferred d i rec t ion  of travel 
from LEM. It should be noted t h a t  fo r  any value of 6, the con- 
tamination f a l l s  off  very rapidly from the indicated maximum value 
a t  the  touchdown point.  
t h a t  1" i n  8, corresponds t o  18.85 m i l e s  along the  lunar sur- 
face. 

constant t h r o t t l e  s e t t i ng )  are l i s t e d  i n  Table 11. 

6 = 90" - 

Notice should a l s o  be given t o  the  f a c t  

A more de ta i led  presentation of the contaminant concentration 
i n  the  v i c i n i t y  of the  touchdown point i s  shown i n  Fig. 6 i n  which 
contamination i n  u n i t s  of kg/m2 i s  p lo t t ed  as a function of d i s -  
tance from the  touchdown point in meters. A s  a f i n a l  point, t he  
t o t a l  mass deposited on the  area covered by Table 11 (as determined 
by a surface integrat ion)  i s  only about 10 percent of the t o t a l  mass 
emitted by the  source. 
presented elsewhere (Ref. 3 ) .  

Results f o r  an actual LEM t r a j ec to ry  are 

J3. Near F ie ld  Dis t r ibu t ion  (T. Luzzi) 

1. Sa l t a t ion  

a. General: Considered here i s  the  so-called near f i e l d  ero- 
s ion  problem. 
na t ion  by the LXM rocket exhaust gases when the  vehicle  i s  c lose  
enough t o  the  moon such t h a t  a region of continuum f l u i d  mechanics 
exists from the exhaust nozzle down t o  the  lunar surface.  

W e  def ine t h i s  problem as the study of lunar contami- 

The nature  of the  in te rac t ion  of exhaust gases with the  lunar 
sur face  depends s t rongly on the  nature  of t he  lunar surface. As 
t he  na ture  of t he  lunar surface is  la rge ly  unknown, the bes t  one 
can do i n  analyzing the contamination problem is t o  pick various 
sur face  models, analyze the contamination produced i n  each, and 
thus e s t a b l i s h  c e r t a i n  broad l i m i t s  on the  near f i e l d  Contamination. 

Herein, w e  w i l l  consider an erosive model f o r  the  lunar surface.  
It can be seen t h a t  the lunar surface material d i r e c t l y  under the 
LEM w i l l  be the  most ser iously contaminated. It i s  qu i t e  possible 
that eroded material could be picked up and blown i n t o  an area where 
the astronaut  w i l l  be taking samples of lunar s o i l .  These part icu-  
lar  samples then could be highly contaminated. One can see then 
that a dust model i n  a sense represents a m a x i m u m  amount of con- 
tamination i n  t h a t  t h e  most seriously contaminated p a r t i c l e s  are 
deposited i n  an area where lunar soil samples could be taken. 
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As w i l l  be discussed, the rigorous analysis  of t he  problem of 
rocket plume in te rac t ion  with an erosive surface i n  a vacuum en- 

- vironment i s  very d i f f i c u l t .  Roberts (Refs. 14, 15, and 16) has 
studied t h i s  problem analyt ical ly .  H i s  erosion model assumes t h a t  
the  pa r t i c l e s ,  once picked off t h e  surface,  are swpended i n  the  
continuum f l u i d  flow beneath the  rocket .  

However, our contract  s tudies  indicate  t h a t  another erosion 
process may occur. Pa r t i c l e s  can be picked up by the  f l u i d  and 
f a l l  back t o  the surface many times before moving out of the inf lu-  
ence of t he  continuum flow. This process, ca l led  sa l t a t ion ,  i s  
very common i n  deser t  dust storms and i s  discussed thoroughly i n  
Ref. 1.3. 

An analy t ica l  model of the s a l t a t i o n  process i s  developed. 
This model, together with the  plume-surface in te rac t ion  gas dynam- 
ics developed i n  Refs. 14, 15, and 16 are applied t o  the study of 
lunar erosion by the  LEM upon landing. Contamination of the region 
i n  the  neighborhood of the LEM landing si te i s  determined t o  within 
an order of magnitude accuracy. 

b. Flow F ie ld  Model: A rigorous analysis  of a rocket exhaust- 
ing i n t o  a vacuum onto a dusty surface is a very complicated one. 
To make progress, one must devise a s i m p l e  ana ly t ica l  model of the  
flow f i e l d  f o r  use i n  an erosion analysis .  The model t h a t  we  have 
chosen (Fig. 7) w a s  proposed by Roberts (Refs. 14, 15, and 16) and 
i s  discussed b r i e f l y  i n  Ref. 1. 
uo Lu ucLI=Luuuc LUC: bC:r.uuyrrcrluir; ~ L L C : : ~ L  S ~ X ~ = S S  uii the surscrce. IL 

w i l l  a l s o  enable us  t o  e s t ab l i sh  a c r i t e r i o n  for  determining approxi- 
mately the extent  of the  influence of the continuum flow on the  
eroded p a r t i c l e s .  With such a model w e  describe the  eroded p a r t i -  
c l e  contamination of the lunar surface i n  the  near neighborhood of 
the LEM t o  within an order of magnitude. 
been used i n  calculat ing the thermal h i s t o r i e s  of the  eroded 
material (Sec. 1v.C). 

The flow f i e l d  model w i l l  enable .." J-r----.-, LL- ---- 1 2 - -1-- --- _ _  r -  t. 

Roberts' model has a l s o  

The aerodynamic shear s t r e s s  on a hemispherical protuberance 
on the  surface beneath the LEM, 7 
can be expressed i n  terms of the  rocket th rus t ,  
of f r i c t i o n ,  CF, height off  the surface, h, and r a d i a l  dis tance 
from the axis of LEM descent, rj, as 

(see Refs. 14, 15, and 16), 
Thr, coef f ic ien t  

k = Y(Y - 
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where y is the r a t i o  of spec i f i c  heat  and % i s  the  Mach number 
of the  flow a t  the exit plane of the rocket nozzle. 

Investigation of Eq. (20) show t h a t  the  shear stress i s  a maxi- 
mum when the  exponent 

k + 4  
2 

and decreases t o  zero as the exponent approaches i n f i n i t y .  We 
a r b i t r a r i l y  assume t h a t  the  influence of the continuum flow under 
the shock wave ceases when the aerodynamic shear stress i s  1 percent 
of the maximum value. 
R. The expression f o r  R obtained from Eq. (20) i s  

W e  c a l l  t h i s  posi t ion the "edge of the  plume'', 

l h .  
4 

( k +  4)' 
R =  

It i s  expected that t h i s  approximate representat ion of t he  flow 
f i e l d  w i l l  give real is t ic  values of t he  e f f e c t  of the  flow on the  
eroded particles above heights  of about 3 meters. 

c .  Model of Motion of Eroded Pa r t i c l e s :  A q u a l i t a t i v e  descrip- 
t i o n  of possible erosion processes i s  given i n  Refs. 1 and 1 7 .  The 
nature  of the erosion process and, hence, the erosion model t h a t  i s  
chosen depends on the  gra in  s i z e  and the c h a r a c t e r i s t i c s  of the  
f l u i d  flow f i e l d .  Bagnold (Ref. 17 )  found t h a t  deser t  sand of 
.025 cm mean diameter w a s  moved by two processes, s a l t a t i o n  and 
surface creep. He found t h a t  3 / 4  of the  sand w a s  moved by s a l t a t i o n  
and 1/4 by surface creep. Roberts! ana lys i s  (Ref, 16) ind ica tes  
t h a t  fo r  p a r t i c l e  s izes  between roughly 10 and 1000 microns, t he  
erosion process 
t h a t  a l t i t u d e  i s  a function of the  par t ic le  s i ze .  
particle,  the higher i s  the  a l t i t u d e  of erosion cut-off .  
discussions with many people ind ica t e  t h a t  a reasonable dust  p a r t i -  
c l e  s i z e  could vary between 10 and 1000 microns. From the  above, 
it appears t h a t  t he  s a l t a t i o n  process i s  the  most probable erosion 
process and, hence, it w i l l  be the b a s i s  f o r  the  erosion model used 
i n  es tabl ishing the eroded p a r t i c l e  d i s t r i b u t i o n .  Thermal t r ans fe r  
equations t h a t  are used i n  e s t ab l i sh ing  the  temperature h i s t o r y  of 
eroded particles (Sec. 1V.C) are decoupled from the  t r a j e c t o r y  equa- 
t ions .  In es tab l i sh ing  the  temperature, t h e  less complicated sus- 
pension erosion process i s  used t o  avoid unnecessary expenditure of 
computer t i m e .  

I1 cuts-off"  or ceases above a c e r t a i n  a l t i t u d e  and 
The smaller the  

F ina l ly ,  
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In the  s a l t a t i o n  process, a p a r t i c l e  is moved along the  surface 
under the  act ion of the  f l u i d  shear forces,  bounded up i n t o  the  f l u i d  
flow by an e l a s t i c  c o l l i s i o n  with a s ta t ionary  particle, and accel- 
e ra ted  i n  the  streanwise direct ion by the f l u i d  drag forces.  
particle then f a l l s  t o  the  surface and is  bounced up i n t o  the  f l u i d  
again. 
W e  have constructed an analyt ical  model of t h i s  s a l t a t i o n  process 
which is  shown i n  Fig. 8. The pa r t i c l e  receives  i t s  i n i t i a l  impulse 
normal t o  the f l u i d  flow direct ion from an e l a s t i c  co l l i s ion  process 
as shown i n  Fig. 8. The expected accelerat ion from the  f i r s t  hop is  
determined and lumped in to  a veloci ty  increment. 
added t o  the streanwise veloci ty  a t  the  apex of t he  f i r s t  t ra jec tory .  
The p a r t i c l e  then f a l l s  on a new t r a j ec to ry  toward the  surface where 
it again hops up i n t o  the  gaseous stream. This process is continued 
u n t i l  the  p a r t i c l e  reaches the edge of the  plume a t  which point the 
angle of inc l ina t ion  and veloci ty  are recorded, t o  be used a6 i n i t i a l  
conditions f o r  the b a l l i s t i c  t r a j ec to ry  out i n t o  the f a r  region. 

The 

An exact descr ipt ion of the process would be very complex. 

This increment i s  

The continuum region w i l l  be divided i n t o  a number of posi t ions,  
i, from which p a r t i c l e s  are eroded. A p a r t i c l e  "picked up" from a 
posi t ion,  can experience one o r  more hops before leaving the 
continuum flow region. For example, V i j ,  r e f e r s  t o  t h e  i n i t i a l  
ve loc i ty  magnitude of a p a r t i c l e  picked up i n i t i a l l y  a t  posi t ion 
t h a t  has experienced i t s  j t h  hop. The posi t ions i correspond t o  
an area i i n  t h e  continuum region. Thus, the erosion rate from area 
i is the  erosion rate per u n i t  area a t  posi t ion i multiplied by the  
area, i. 

i, 

i 

Consider a row of p a r t i c l e s  on the surface,  and s i t t i n g  on t h i s  
row is  a particle t h a t  j u t s  or  s t i cks  out in to  the  flow stream. Fur- 
ther  downstream, say some 5 o r  6 p a r t i c l e  diameters away, consider a 
p a r t i c l e  s l i g h t l y  embedded i n  t h i s  row of p a r t i c l e s .  This surface i s  
under t h e  influence of the f l u i d  shear stresses, hence, the  f i r s t  
particle could move along the surface and bounce off the  embedded 
p a r t i c l e  up in to  the  gas stream. One could s implify the  model even 
fu r the r  by replacing the  embedded p a r t i c l e  by a plane a t  some angle 
with respec t  t o  the surface.  
ac t e r i zed  by two parameters, the distance between the plane and the 
particle and, secondly, the angle of the plane. The above model leads 
t o  an i n i t i a l  t r a j ec to ry  angle and ve loc i ty  f o r  the  b a l l i s t i c  trajec- 
to ry  of t h e  p a r t i c l e  while under the influence of the  continuum flow. 
The two parameters could be adjusted as a r e s u l t  of some experiment. 
The two parameters used i n  t h i s  ana lys i s  are the number of particle 
diameters between the  plane and the  accelerat ing particle, a, and 
the  i n i t i a l  t r a j ec to ry  angle, taken as 45" i n  t h i s  analysis .  Thus, 
the i n i t i a l  ve loc i ty  of a pa r t i c l e  a t  posi t ion i is 

Our c o l l i s i o n  model could then be char- 
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The i n i t i a l  horizontal  (VHij) and v e r t i c a l  (Vvij) ve loc i ty  of 
the  p a r t i c l e  w i l l  be 

The i n i t i a l  t r a j e c t o r y  angle, e i s  i j  ' 

'V i j  
8 = arc t a n  - - - 
i j  'Hij - 4 '  

In  E q s .  (23), (24) '  and ( 2 5 ) ,  j = 1 because they r e f e r  t o  the  
i n i t i a l  hop of a p a r t i c l e .  
p a r t i c l e  i n  b a l l i s t i c  f l i g h t  w i t h  no ex terna l  forces  i n  the  hor i -  
zontal  d i rec t ion  i s  given by the  following expression 

The horizontal  dis tance moved by a 

Vij 2 s in  2Qi. 
- - 

t ' P i j  g 

where g i s  the  accelerat ion due t o  gravi ty .  I f  an i-n_rreEeEt iz 
veloc i ty  is imparted t o  the  particle a t  t he  apex of the  t r a j e c t o r y  
A V i j ,  
expressions: 

the horizontal  distance covered i s  given by the  following 

ej s i n  2eij 
I 

'ij g 

2 Vi. s i n  ei .  avij + - 
vi j 

The hor izonta l  V W i j  and ve r t i ca l  Y w i j  ve loc i t i e s  a t  the  end 
of a t r a j e c t o r y  fo r  a p a r t i c l e  experiencing a ve loc i ty  increment 
a t  t he  apex are 

A V i  j 

1 3  
'Wij = vij (cos ei j  + c) 
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s i n  0 - - 
VWij -v i j  i j  . (: 

The i n i t i a l  ve loc i ty  magnitude of the j + 1 
tained from the f i n a l  ve loc i ty  of the  j t ra jec tory ,  thus, 

t r a j e c t o r y  can be ob- 

= J f i j  + vwij 2 . vi (j+l) 

The i n i t i a l  t r a j e c t o r y  angle used f o r  a l l  t r a j e c t o r i e s  i n  t h i s  
ana lys i s  w i l l  be 4 5 ' .  Therefore, the  i n i t i a l  horizontal  and 
v e r t i c a l  ve loc i t i e s  f o r  a l l  t r a j e c t o r i e s  can be obtained from 
Eq. ( 2 5 ) .  

Roberts (Ref. 16) gives an approximate expression f o r  the gas 
ve loc i ty  beneath the  shock wave as a function of the r a d i a l  dis tance 
from the  center of t he  plume. Grossman (Ref. 18) has calculated the  
ve loc i ty  of dust  p a r t i c l e s  suspended i n  a gas stream. The character-  
i s t i c s  of t he  gas stream are those of Roberts' (Ref. 16), namely, the  
flow beneath the  shock wave of a plume impinging on a s o l i d  surface.  
Grossman showed, t o  a good approximation, t h a t  t he  p a r t i c l e s  increase 
t h e i r  veloci ty  a lmos t  l i n e a r l y  with dis tance from the  ax i s  from zero 
t o  some maximum value, a f r ac t ion  of t he  maximum gas ve loc i ty  beneath 
the  shock wave. 
p a r t i c l e  s i ze  and occurs approximately a t  the  "edge of t he  plume" as 
defined i n  t h i s  repor t .  Values of the  r a t i o  of t h e  maximum p a r t i c l e  
ve loc i ty  t o  gas ve loc i ty  a t  the  edge of the plume, 
par t ic le  s izes  are given i n  Table 1 2 .  

The'maximum p a r t i c l e  ve loc i ty  i s  a function of the  

R, f o r  d i f f e r e n t  

Using Roberts' approximate expression f o r  t he  gas ve loc i ty  and 
solving for  the  ve loc i ty  a t  t he  edge of the plume, w e  have 



Table 12 

PARTICLE-GAS VELOCITY RATIO, R, VERSUS PARTICLE DIAMETER, D(cm) 

R D 

.01 2.5 

.02 0.25 

.06 .025 

.14 2.5 

.32 2.5 

.55 2.5 

72 2.5 x 

.78 1.3 x 

w h e r e  R is  the  gas constant and T i s  the combustion chamber 
temperature. Assuming tha t  the  veloci ty  increment pe r  t r a j ec to ry  
i s  proportional t o  the length of the b a l l i s t i c  t r a j ec to ry  and the  
p a r t i c l e  size, through R, we have 

gas C 

S p i j  
gas R AVij = u (3' 

From Eqs. (31) and (32) w e  have an approximate expression f o r  the  
ve loc i ty  increment p e r  t ra jec tory  i n  terms of the t r a j ec to ry  length: 

S p i j  
AVij = R JRT (k + 4) h . 

C (33) 

The object ive of the veloci ty  analysis  is  t o  determine the 
hor izonta l  and v e r t i c a l  ve loc i t ies  a t  the edge of the  plume, 
as a funct ion of the r a d i a l  posit ion,  
these v e l o c i t i e s  a t  the  posi t ion 

X i j  

R, 
r i .  Thus, w e  must determine 
f o r  the last t r a j ec to ry  i n  

I 
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the  continuum region (see Fig. 8 ) .  I f  the  length x i j  i s  less 
than h a l f  the  t o t a l  t r a j ec to ry  length of t he  f i n a l  hop, the  
ve loc i ty  increment, A V i j ,  i s  not considered when ca lcu la t ing  the  
edge of the plume horizontal ,  Vai, and vertical ,  Vpi, veloci-  
t ies.  Thus, 

I 

l 

, 

( 3 4 )  I 
gxi  j 

C O S  e V = Vij s i n  8 - 
P i  i j  Vij i j  

( 3 5 )  

i s  grea te r  than ha l f  t he  t o t a l  t r a j e c t o r y  length of the  
f i n a l  op, t he  ve loc i ty  increment, ~ V i j ,  must be considered when 
calculat ing Vai and V . Thus, 
If xii 

P i  

A V i  j 

1J 

- - vij (cos e i j  + F) 
'a i 

and 

g x i j  V i j  2 

A V i  j + 
cos e (cos e +-) vi j i j  i j  Vij v. .(cos e 

1.3 

can be obtained from the  following: i j  The value x 

X i ( j+l)  = R - (ri +I sij) . 
j 

To determine the  number of hops f o r  each ri, the  expression 

- 
L~~ = ri + sij 

( 3 7 )  

( 3 9 )  



i s  used i n  the  computer program. 
by dividing R i n t o  increments of equal length. 
taking 10 increments, 

The posi t ions r i  are determined 
For example, 

R A r  = - 10 

(41) r = 2 ~ r  etc. 2 9 r1 = A r  

d. Erosion Rate: Roberts (Ref. 16) gives approximate rela- 
t i ons  f o r  the erosion rate of material  i n  the  continuum region. 
The expression f o r  the  erosion rate a t  ri, (dy/dt)i i n  meters per 
second i s  

‘PA e 

where $A i s  the  spherical  p a r t i c l e  packing coe f f i c i en t  and i s  
app-c-imdteL-- 0.5 &rid pT i s  the dust particle density.  

= rg + coh 

(43)  

(45) 
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rcoh 

J D coh A 

- cF Thr 

rg i s  indicat ive of the adhesiveness of the p a r t i c l e s .  Roberts 
indicates  t h a t  C ~ A  tan E i s  about 0 .4 .  rcoh i s  indicat ive of 
the  cohesiveness of the p a r t i c l e s .  From angle of repose measure- 
ments of small p a r t i c l e  dust  p i l e s  i n  a vacuum, the  value of A 
i s  approximately 6 .9  x 10-18 kilogram meters (Ref. 1 6 )  

The erosion area Ari under the continuum regions i s  

2 
r i  i A = m  i - 1  I 

A = 27r(Ar) (ri) i = 2, ... r i  

The erosion rate from these areas, i s  

f o r  each ri measured 'FRi' The b a l l i s t i c  t r a j ec to ry  length, 
from the edge of the plume i s  

- - (vEi + vi i ) s in  2eF R i  
3 'FRi 2g 

where 

Y I  

8 = a r c  t an  - . 
FRi  v, I 
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The p a r t i c l e  build-up rate per uni t  area 
from the  LEM axis is ErAi a t  a dis tance 

+ ‘FRi 

i = l  

A flow chart  of the computer program i s  shown i n  Fig. 9. 

e. Results and Conclusions: The analysis  of the r epor t  has 
es tab l i shed  a technique for  studying the  erosion of a so l id  surface 
by a rocket exhausting in to  a vacuum atmosphere. The analysis  is a 
steady state analysis  i n  t h a t  it assumes t h a t  the mass flow rate 
from the rocket and the height off the surface are constant i n  t i m e .  
This w i l l  give the particle build-up per  u n i t  t i m e  i n  the neighbor- 
hood of the  LEM landing site f o r  each eroded p a r t i c l e  s ize .  Analy- 
sis of the  erosion problem due t o  any LEM landing t r a j ec to ry  can be 
obtained hy . w m h g  r e c d t s  cf thc ~ p p r ~ p r l a t e  steady sCate analyses. 
The following conclusions are obtained: 

Using the foregoing computer program, the  erosive p a r t i c l e  
build-up has been calculated for  th ree  p a r t i c l e  diameters 
(1, 0.1, 0.01 m) and four a l t i t u d e s  (3, 6 ,  10, 25 meters), 
the  r e s u l t s  are reported elsewhere (Ref. 3 ) .  
The above computation indicates  t h a t  the s a l t a t i o n  model 
i s  a good one i n  t h a t  most p a r t i c l e s  make many hops before 
leaving the  continuum flow region. 

For particles between 100 and 1000 microns, most of the  ero- 
s ion f a l l s  within 100 meters of the  LEM touchdown point .  How- 
ever, deposit ion beyond 100 meters i s  not  negl igible .  

Most of the erosion takes place when the  vehic le  i s  very close 
t o  the surface.  
timate the  erosion contamination f a i r l y  accurately by con- 
s ider ing the  deposit ion tha t  takes place during the  las t  3 
meters of rocket a l t i t ude .  

Calculations ind ica te  that  there  i s  p rac t i ca l ly  no erosion 
f o r  heights  above 25 meters from the surface.  0 

In f ac t ,  f o r  any LEM t r a j ec to ry  one can es- 
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alculate  erosion 

build-Up Erai 

(42) . . . ( 5 2 )  U 
step i 

i I i + l  

no 

Fig. 9 C o m p u t e r  P r o g r a m  F l o w  C h a r t  
( ) R e f e r  to Equations 



Both adhesive and cohesive forces  have been considered 
when calculat ing the  erosion a t  any place i n  the  flow. 
Cohesion and, hence, the  erosion rate, has been expressed 
i n  terms of a parameter tha t  can be e a s i l y  changed f o r  
any computer run. For the computations above, the con- 
s t an t  w a s  obtained from the r e s u l t s  of experimental data 
reported i n  Ref. 16. 
It has been assumed t h a t  a p a r t i c l e  does not change i t s  
veloci ty  magnitude on s t r ik ing  the  surface.  It is  fu r the r  
assumed t h a t  a f t e r  s t r ik ing  the  surface, a p a r t i c l e  leaves 
a t  a 45" angle. The computer program can be e a s i l y  
changed t o  consider i n e l a s t i c  e f f e c t s  and d i f f e ren t  leaving 
angles.  

A s  indicated above, the  preceding work analyzes the erosion build-up 
per u n i t  t i m e  by a rocket exhausting in to  a vacuum. 
parameters have been included i n  t he  program such t h a t  t he  assump- 
t i ons  of the  ana ly t ica l  model may be checked. Use of the  program 
with appropr i a t e  checking should enable one t o  ca lcu la te  t he  con- 
tamination due t o  eroded material  t o  within the  required accuracy 
of an order of magnitude. 

Adjustable 
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C. H e a t  Transfer t o  Particles (Suspension) [D.  Weiss] 

1. General 

Rocket exhaust gases impinging on a bed of particles 
w i l l  impart both momentum and h e a t  t o  t h e  particles.  
on s i z e  and density, t h e  p a r t i c l e s  w i l l  be eroded, heated, and 
blown away, and w i l l  f a l l  a t  some dis tance away from t h e i r  points  
of erosion. 

Depending 

Presented herein are t h e  r e s u l t s  of a study of t h e  motion 
and temperature h i s to ry  of spherical  p a r t i c l e s  i n  a vacuum en- 
vironment t h a t  are af fec ted  i n  t h i s  way. The study w a s  motivated 
by t h e  need t o  estimate chemical and thermal contamination of t h e  
lunar surface as a consequence of a manned lunar landing. A dust 
model (or pa r t i cu la t e  model) was assumed f o r  t h e  lunar surface. 

The study relies qu i t e  heavily on t h e  previous work of Roberts 
(c f .  Sec. 1V.B) providing a readi ly  ava i l ab le  model of t h e  exhaust 
gas, and of t h e  gas-surface in t e rac t ion  phenomena. Previous work 
performed a t  Grumman By Grossman (Ref. 18) set up t h e  groundwork 
f o r  the calculat ions of t h e  motion of individual  spher ica l  p a r t i -  
cles blown away by t h e  j e t  impingement. 

The t rans ien t  h e a t  t r ans fe r  t o  t h e  p a r t i c l e  as it  i s  borne 
by t h e  gas w a s  assumed t o  take place by forced convection only. 
Gas rad ia t ion  t o  t h e  p a r t i c l e  was taken t o  be in s ign i f i can t  i n  
comparison. However, rad ia t ion  cooling of t h e  p a r t i c l e  t o  zero- 
temperature space w a s  included. Lunar p a r t i c l e s  were assumed t o  
be somewhat similar i n  composition t o  s i l ica  rock and the t h e r m a l  
propert ies  and densi ty  selected accordingly. 

2 .  L i s t  of Symbols 

A 

a Local speed of sound 

Surface area of spher ica l  p a r t i c l e  
I 

Drag coe f f i c i en t  

Specific h e a t  of lunar material 

Specif ic  h e a t  of gas a t  constant  pressure 

cD 

csP 

C 

C Particle packing c o e f f i c i e n t  
P 

nJ 



FG 

FS 

gC 

SL 
hB 

HR 
C 
H 

h 

h 

K 
n 

it 

k 

k n 

m 

Nu 

Pr 

P 

PC 

P r  

pS 

Gas rad ia t ion  f lux 

Surface radiat ion f lux  

Acceleration due t o  grav i ty  a t  e a r t h ' s  surface 

A c c e l e r a t i n a  due tn gravi ty  a t  moon1s surface 

Height of emergence 

Heat-convection surface coef f ic ien t  

Heat-radiation surface coef f ic ien t  

Hc/K 

Height of nozzle e x i t  plane above lunar surface 

Thermal conductivity of lunar mater ia l  

Y(Y - 1 )  4 
Thermal conductivity of gas 

Roots of t h e  cha rac t e r i s t i c  equation 

Mach number a t  nozzle e x i t  

Mass of spherical  p a r t i c l e  

Nusselt number 

Prandtl  number 

Static pressure 

Chamber pres sur  e 

Shock recovery pressure 

Stagnation pressure 
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Reynolds number e R 

ii Gas constant 

R Radius of spherical  p a r t i c l e  

r Radius of nozzle e x i t  (Ft.) 

r I n i t i a l  locat ion of p a r t i c l e  

n 

0 

Temperature of spher ica l  par t ic le  TL 

TG 

T1 

f TG-T 

Recovery temperature of gas 

I n i t i a l  temperature of spher ica l  p a r t i c l e  

Stagnation temperature of gas 

S ta t ic  temperature of gas 

S 
T 

T 
03 

U Velocity of s p h e r i c a l  p a r t i c l e  ralative t o  lunar 
surface and i n  a d i r ec t ion  p a r a l l e l  t o  lunar surface 

Velocity of p a r t i c l e  as it  e x i t s  from exhaust plume B U 

U I n i t i a l  ve loc i ty  of lunar p a r t i c l e  

V 

0 

Velocity of gas parallel  t o  lunar  surface 

Y Ratio of spec i f i c  heats 

Emissivity of gas G E 

e Emissivity of surface 

e 
S 

Angle measured from c e n t e r l i n e  of nozzle ex i t  



K 

h 

diffusivity of lunar material 

Mean free path for gas molecules 

I 

I-L 

I-LC 

P 

Absolute viscosity of gas 

Absolute viscosity of gas at rocket chamber temper- 
ature 

Static density of gas 

Density of lunar material 

Stagnation density of gas 

Stefan-Boltzmann constant 

MaxinzUm boundary layer shearing stress 

Temperature recovery factor 

3.  Exhaust Gas Model 

An analysis of the momentum and energy interaction be- 
tween the rocket exhaust gas and lunar particles requires a know- 
ledge of the exhaust-gas, flow-field properties. A brief descrip- 
tion of this flow field taken from the work of Roberts (Ref. 14) 
f ollms 0 
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The rocket i s  assumed t o  be hovering i n  a ver t ical  posi t ion 
c lose  t o  the lunar surface. I t s  plume i s  divided i n t o  two por- 
t ions,  t h e  inner high densi ty  region and the r a r i f i e d  outer  re- 
gion (see Fig, 10). 

The gas i s  assumed t o  i ssue  i sen t ropica l ly  from t h e  exhaust 
nozzle and t o  expand symmetrically outwards from t h e  nozzle center-  
l i n e  extension. Expansion a l s o  takes place (but less rapidly) away 
from the nozzle e x i t  plane along t h e  cen ter l ine .  As t h e  gas ap- 
proaches the surface, a standing shock wave i s  formed a shor t  d i s -  
tance off t h e  surface, and p a r a l l e l  t o  it. Below t h e  shock wave 
t h e  gas i s  assumed t o  turn away from t h e  cen te r l ine  and flow i n  a 
r a d i a l  d i rec t ion  p a r a l l e l  t o  t h e  surface, forming a laminar bound- 
ayy layer  on t h e  surface. It i s  t h e  surface shearing stress set 
up by t h i s  boundary layer  t h a t  i s  responsible f o r  erosion of t h e  
surface (which i s  assumed t o  be p a r t i c u l a t e  i n  t h i s  ana lys i s ) .  

A l l  the in t e rac t ion  between t h e  gas and t h e  lunar particles 
w i l l  presumably take place i n  t h e  inner  region, which i s  governed 
by continuum flow theory. The r a r i f i e d  outer  region i s  governed 
by free-molecular-flow equations , From some reasonably se lec ted  
edge of the continuum flow, t h e  p a r t i c l e  i s  assumed t o  travel i n  
a b a l l i s t i c  t r a j ec to ry  within t h e  free-molecular-flow regime, 
u n t i l  i t  lands. 

The equations from Ref. 14 f o r  evaluating t h e  gas plume flow 
f i e l d  are as follows: Surface pressure d i s t r i b u t i o n  i s  expressed 
as 
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i s  t h e  stagnation pressure a t  t h e  plume cen te r l ine  PS where 
on t h e  lunar surface; 
t h e  plume center l ine  (see Fig. 10); pr i s  t h e  normal-shock 
recovery pressure; 
above t h e  lunar surface; 
of the nozzle; Q i s  t h e  e x i t  Mach number; pc i s  rocket cham- 
ber pressure; and y i s  t h e  r a t i o  of spec i f i c  h e a t .  

8 i s  t h e  azimuth angle measured from 

hn i s  the height of t h e  nozzle e x i t  plane 
rn i s  t h e  radius of t h e  e x i t  plane 

Assuming t h a t  i sen t ropic  r e l a t i o n s  f o r  a per fec t  gas apply, 
t h e  gas temperature, T , and density,  p , can be expressed as 

where Ts i s  t h e  stagnation temperature t h a t  w a s  s e t  equal t o  
t h e  rocket chamber pressure Tc ; and ps i s  t h e  s tagnat ion 
densi ty  obtained from t h e  equation of state f o r  a pe r fec t  gas 

being t h e  gas constant. 
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4. Motion of a Pa r t i c l e  i n  t h e  Gas 

To ca lcu la te  the convective heating r a t e s  from t h e  gas 
t o  t h e  pa r t i c l e s ,  it i s  necessary t o  determine t h e  relative ve- 
l o c i t i e s  of t h e  gas over the particles as t h e  particles t r a v e l  
through t h e  continuum port ion of the ,gas  plume. I n  addi t ion,  t o  
determine t h e  landing s i te  of the pa r t i c l e ,  w e  must know i t s  ex- 
i t i n g  veloci ty  from t h e  continuum port ion of gas plume. 
complish these, w e  ref ined somewhat an exis t ing analysis  made a t  
Gnnmnan i n  1962 (Ref. 18),  programmed a t  t h a t  time f o r  t h e  IBM 
7090 computer . 

To ac- 

I n  t h i s  analysis ,  t h e  p a r t i c l e  ve loc i t i e s  w e r e  determined 
by a simple force balance between t h e  drag forces  and i n e r t i a l  
forces  on t h e  p a r t i c l e ,  i .e. ,  

2 du 
C ~ A  5 (V - u) = m - d t  ' 

where V and u are t h e  r a d i a l  ve loc i t ies  of the gas and par- 
t icle,  respect ively,  i n  a direct ion parallel  t o  t h e  surface; p 
i s  t h e  gas densi ty;  CD, m, and A are t h e  drag coef f ic ien t ,  
t h e  mass3 and the sx face  ~ 2 ; ;  of Sie partfcLe, and E i s  time. 

The r a d i a l  gas veloci ty ,  V, can be derived from t h e  gas 
flow f i e l d  equations, assuming isentropic  flow, and can be ex- 
pressed i n  t h e  following form, 

i s  t h e  accelerat ion due t o  gravi ty .  gC where 

No spec i f i c  mechanism w a s  assumed by which the p a r t i c l e s  
would be l i f t e d  from the  surface.  
ve loc i ty  of t h e  p a r t i c l e  w a s  assumed. 
t r a j e c t o r i e s  of t h e  p a r t i c l e s  within t h e  continuum regime of t h e  
gas plume and t h e  b a l l i s t i c  t ra jec tory  of the p a r t i c l e  are not  
very s e n s i t i v e  t o  t h e  assumed value of t h e  i n i t i a l  veloci ty .  

The magnitude of t h e  i n i t i a l  
It turns  out t h a t  t h e  
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Equation (60) w a s  solved numerically (Ref. 18) using a 
Taylor expansion technique. The current  refinement t o  Ref. 18 
was f o r  the purpose of evaluating t h e  l oca l  drag coe f f i c i en t  as 
the  p a r t i c l e ' s  Reynolds number var ied i n  t h e  gas stream. 
Ref. 18, CD w a s  assumed constant. 

I n  

The drag coe f f i c i en t  w a s  taken from an empir ica l  equation 
presented i n  Hoerner (Ref. 19) :  

5 
= 0.95 + - . Jx cD 

Because CD depends on R e  and Re cannot be ca lcu la ted  
u n t i l  the  p a r t i c l e  ve loc i ty  i s  known, an i t e r a t i o n  scheme w a s  
u t i l i z e d  as f o l l o w s :  An i n i t i a l  value of C was assumed, 
from w h i c h  p a r t i c l e  ve loc i ty  and R e  were o E tained. From t h i s  
R e y  a new CD w a s  calculated and t h e  i t e r a t i o n  continued u n t i l  
no s igni f icant  change i n  R e  was noticed. 

I n  t h i s  manner, CD, u, and Re w e r e  ca lcu la ted  a t  var i -  
ous r a d i i  from t h e  plume center l ine .  

5. Particle Heat Transfer 

The h e a t  balance on a p a r t i c l e  as it  i s  ca r r i ed  
along by t h e  hot gas can be represented as 
gas rad ia t ion  = rad ia t ion  cooling + h e a t  conducted and absorbed. 

convected heat + 

The following sect ions discuss  each of these separately:  

a. Heat Convection: The convective hea t  t r a n s f e r  coe f f i -  
c i e n t  w a s  calculated from a Nusselt-type equation f o r  average 
values around a sphere. 
appropriate than loca l  values because of t h e  uniform surface heat-  
ing r e su l t i ng  from the  probable spinning of the  p a r t i c l e .  
t ion,  the assumption of a uniform hea t ing  ra te  around the  sphere 
surface enables us t o  use a spher ica l  conduction model i n  which 
the  isotherms are concentric spheres, simplifying the  mathematics 
of the  t rans ien t  i n t e rna l  hea t  conduction considerably. 

Average values w e r e  considered more 

In addi- 

. -  



The equation used is 

6 pr.33 9 Nu = .37 Re' (63 

where 
H R  

Nu = Nusselt No. = - C 
k ,  

9 
p(V - u)R Re = Reynolds No. = 

I-1 

Pr = Prandtl No. = 2 k , 

which is valid for a range of Reynolds numbers from 
150,000 (Ref . 20) . The required transport and thermodynamic 
properties were evaluated at free-stream conditions. 

20 to 

The high relative velocity of the gas over the sphere results 
in a boundary layer around the sphere causing the gas temperature 
in this layer to rise due to compression and friction. 

In calculating heat convection, the value of the gas tempera- 
ture used as the driving potential is usually called the recovery 
t%Epe??z*2re, arid is ex~zessed as 

= T 00 + C(Ts - T,) *G 

where is the recovery factor. For laminar flow the recovery 
factor has been shown to be approximately equal to 

b. Gas Radiation: The radiation flux intensity (FG) 
to a non-reradiating black body surrounded by a hot radiating - 

gas at temperature T is 
03 

4 
a , '  

FG = (J cG T 

where (J is the Stefan Boltzmann constant, and eG is the 
emissivity of the gas. 

A constant value of FG obtained by Luzzi (Ref. 21) was 
used in our calculations and, as seen in the results, this value 
proves to be insignificant compared to convection heat transfer. 
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c. Radiation Cooling: Radiation from t h e  surface of a 
p a r t i c l e  t o  zero temperature space (FS) i s  

1 

where  E is  t h e  surface emissivity,  A t h e  surface area of 
a pa r t i c f e ,  and TL t h e  surface temperature of t h e  p a r t i c l e .  

Because of t h e  nonlinear dependence on t h e  surface t e m -  
perature,  it would be very complex t o  attempt t o  include t h i s  
expression f o r  t h e  r ad ia t ion  f l u x  as a boundary condition t o  
t h e  t rans ien t  h e a t  conduction equation (which w i l l  be discussed 
subsequently). 

An a l t e r n a t e  and much simpler method was used; t h i s  was t o  
ca l cu la t e  t h e  surface temperature decrement r e s u l t i n g  from t h e  
r ad ia t ion  cooling a t  i n t e rva l s  along t h e  p a r t i c l e  path. 

I f  i t  i s  assumed, f o r  t h e  purpose of ca lcu la t ing  t h e  rad i -  
a t i o n  cooling only, t h a t  t h e  conductivity of t h e  p a r t i c l e  i s  
i n f i n i t e l y  large,  then t h e  temperature decrement ATm, due 
t o  rad ia t ion  cooling, can be expressed as 

4 
C I E  A T L  S - 

cL  AT^^ - . 

T h i s  method of handling t h e  r ad ia t ion  cooling i s  probably 
accurate  enough f o r  most purposes. 

d. Heat Conduction and Absorption: A s  mentioned pre- 
viously, t h e  assumption of a uniform heat ing rate around t h e  
surface-of  a spher ica l  p a r t i c l e  enables us t o  use a conduction 
model i n  w h i c h  t h e  isotherms are concentr ic  spheres; t h a t  i s ,  
t h e  temperature, T ,  w i l l  depend only on t h e  r a d i i ,  r, and 
t h e  t i m e ,  t .  

The  appropriate conduction equation i s  



w i t h  t h e  following boundary conditions: 

a t  r = o ,  T = T  

and a t  t = 0 ,  T = T1; 

where K = K/pL C i s  t h e  t h e r m a l  d i f fus iv i ty ;  p i s  t h e  
densi ty;  K i s  t@ thermal conductivity; Csi i s  t h e  specif ic  
h e a t  of t h e  spherical  pa r t i c l e ;  i s  t h e  ra i o  of t h e  convec- 
t i v e  surface coef f ic ien t  t o  t h e  thermal  conductivity,  Hc/K; 
TG i s  t h e  temperature of t h e  gas, and R i s  t h e  surface ra- 
dius  of t h e  sphere. 

h 

To f a c i l i t a t e  t h e  der ivat ion w i t h  t h e  use of a non-zero 
temperature f o r  t h e  surrounding gas, w e  set 

w i t h  t h e  following boundary conditions: 
- 

a t  r = ~ ,  T = ? ,  

- TI T1 TG and a t  t = 0 ,  

w e  le t  
Following the procedure i n  Carslaw and Jaeger (Ref . 22), 

0 

u - 5 r  . 
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Then Eq. (68) becomes 

a2; 
- K -  

a; 
a t  _.- 

2 ’  a r  

w i t h  the  boundary conditions 
- 

a t  r = o ,  u = o ;  

- 
a t  t = 0, u = Tlr = ( T ~  - T ~ )  r . 

Using the  standard method of solving Eq. (69) as i n  Ref. 22 ,  
w e  ge t  

2(TG -Tl)h -Kk:t R 2 2  k + (Rh - 1)2 

s i n  knR s i n  knr , n 
2 2  

n n 

- 
k [R k +h(Rh- 1 ) I  T =  r c e  

n=l  

n = 1, 2, ...w 

(70) 

where k a r e  roots  of the  characterist ic equation n 

R h - 1  + Rk c o t  k R =  0 . (71) n n 

Equations (70) and (71) were included i n  t h e  computing 
program (see flow chart, Fig. 11) . 
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6. Discussion of Results 

Equation (70) w a s  derived f o r  a constant gas temperature 
and a constant convection coef f ic ien t ,  I n  our problem, how- 
ever, t h e  recovery gas temperature var ies  across  t h e  plume and t h e  
convection coef f ic ien t  w i l l  vary due t o  t h e  changes i n  t h e  r e l a t i v e  
ve loc i ty  between the par t ic le  and t h e  gas as t h e  p a r t i c l e s  t r a v e l  
through the plume. 

Hc . 

One way of dealing w i t h  these var ia t ions  i s  t o  divide t h e  plume 
i n t o  small in t e rva l s  and assume constant values of t h e  gas tempera- 
t u r e  and constant & across  each in t e rva l ,  using t h e  calculated 
temperature a t  the end of one i n t e r v a l  as t h e  i n i t i a l  temperature 
f o r  t h e  next in te rva l .  T h i s  method i s  ca l l ed  the  stepwise method 
i n  cont ras t  t o  the  spanwise method. 

I n  the spanwise method, t h e  plume i s  a l s o  divided i n t o  i n t e r -  
vals ,  but Eq. (70) i s  used from t h e  i n i t i a l  s t a t i o n  t o  t h e  end of 
t h e  f i r s t  interval ,  then from the  i n i t i a l  s t a t i o n  t o  t h e  end of t h e  
second in te rva l ,  and so  on f o r  a l l  t h e  i n t e rva l s ,  and f i n a l l y ,  from 
t h e  i n i t i a l  s t a t ion ,  a l l  t h e  way t o  t h e  edge of t h e  plume. 

For each of these spanwise ca lcu la t ions ,  t h e  gas temperature 
used w a s  the value a t  t h e  end of t h e  i n t e rva l .  The convection co- 
e f f i c i e n t  used w a s  t h e  average value between t h e  i n i t i a l  s t a t i o n  
and the  end of the  in t e rva l .  

Theoretically, t h e  stepwise method should give more accurate 
r e s u l t s ,  mainly because l o c a l  conditions i n  t h e  gas are taken i n t o  
account more accurately.  One of t h e  disadvantages of t h e  stepwise 
method i s  t h a t  it h a s  a tendency t o  bui ld  up numerical e r r o r s  and 
became numerically unstable. T h e r e  i s  good evidence from t h e  cal-  
cu la t ions  t o  ind ica te  t h a t  t h e  lower 
and t h e  smaller t h e  radius  of t h e  p a r t i c l e ,  t h e  more t h e  tendency 
of t h e  stepwise method t o  become unstable.  Because of t h e  very 
low density of the plume, espec ia l ly  a t  t h e  outer  regions, and t h e  
small p a r t i c l e  diameters used, w e  used t h e  spanwise method f o r  our 
calculations.  0 

t h e  densi ty  of t h e  plume 

A s  can be seen i n  Fig. 12,  t h e  ca l cu la t ions  pred ic t  t h a t  t h e  
temperature of p a r t i c l e s  or ig ina t ing  near t h e  rocket nozzle center-  
l i n e  may rise very rapidly.  The smaller t h e  p a r t i c l e  diameter t h e  
more rapid t h e  rise. The curves show t h e  maximum temperature t h a t  
t h e  surface of t h e  p a r t i c l e s  w i l l  reach f o r  various p a r t i c l e  r a d i i  
and nozzle heights. 
t h e  pa r t i c l e s  can reach even higher temperatures . As t h e  nozzle approaches t h e  lunar  surface,  
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The dotted portion of t h e  curves are not considered accurate 
because of t h e  very low dens i t i e s  a t  t h e  outer edge of t h e  plume. 
Cooling of t h e  particles by rad ia t ion  t o  space during t h e  f r e e  
f l i g h t  outside t h e  plume i s  not shown i n  Fig. 12. 
calculat ions were made, up t o  a 8 of 45'. The p a r t i c l e  tempera- 
tu res  f o r  other nozzle heights and p a r t i c l e  s i zes  can be obtained 
w i t h  the exis t ing computer program. 

Convection 

Provisions a r e  included i n  the program f o r  ca lcu la t ing  t h e  
landing s i t e s  of t h e  pa r t i c l e s ,  and a l s o  t h e  rates a t  which p a r t i -  
cles are eroded from t h e  surface. Therefore, t h e  program can be 
used, if desired, t o  ca l cu la t e  the redeposited p a r t i c l e  d i s t r ibu -  
t i o n  on the surface and t h e  associated temperature h i s to ry  f o r  a 
suspension model. 

7 . Conclusions 

Calculations show t h a t :  

1) Par t i c l e s  or iginat ing near t h e  rocket nozzle center- 
l i ne ,  smaller than 
exhaust gas, may reach temperatures i n  excess of l l O O ° K  very 
quickly. 
t u r e  shown i n  Fig. 1 (a lso  c f .  Ref. 23). 

0.1 millimeter r a d i i ,  blown away by t h e  hot LEM 

T h i s  i s  much g rea t e r  than t h e  maximum subsolar tempera- 

2) Particles of 0.1 mm r a d i i  may f a l l  as f a r  as 130 
meters from the rocket nozzle center l ine .  
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D. Adsorption of Rocket Exhaust G a s  on the Lunar Surface 
Using a Solid Lunar Surface Model [L. Aronowitz and J. Scanlon] 

1. General 

Adsorption of t he  L E M  descent rocket exhaust gas on lunar 
surface material can introduce s igni f icant  amounts of contaminants 
i n t o  the samples of the  lunar surface t h a t  the Apollo ast ronauts  
w i l l  bring back t o  e a r t h  fo r  s c i e n t i f i c  analysis .  
i s  a model used f o r  quant i ta t ive  calculat ions of the amount of 
rocket gas adsorbed on the  lunar surface, and the  subsequent de- 
sorpt ion of these surface contaminants. 

Discussed herein 

The model chosen fo r  t he  lunar surface i s  a rough plane. This 
choice agrees w e l l  with the recent Soviet photographs of the  lunar 
surface.  The composition of the  lunar surface material, shown i n  
Table 13, w a s  chosen t o  be similar t o  t h a t  of ce r t a in  meteorites. 

Table 13 

LUNAR SURFACE MATERIAL COMPOSITION 

S io2 

w 
46 % 

40% 

FeO 9% 

A1203 5% 

2. Formulation 

A s  the LEM descends toward t h e  touchdown site,  gas molecules 
from the  rocket exhaust w i l l  s t r i k e  the lunar surface.  While the  
LEM a l t i t u d e  i s  above 100 o r  200 feet, the  molecules s t r ik ing  the  
sur face  are i n  the f r e e  molecular flow regime. 
t h e  gas contacting the  lunar surface i n  the v i c i n i t y  of the LEM 
i s  i n  the  continuum flow regime. The formulation uses gas-dynamic 
equations appropriate t o  the continuum regime. 

A t  lower a l t i t u d e s ,  

A t  each point of the  lunar surface i n  contact with the gas, 
t h e r e  w i l l  be a f lux  density of f 
u n i t  t i m e  from the  gas t o  the surface. Of these impinging molecules, 

molecules per u n i t  area p e r  
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a f rac t ion  S w i l l  be physically or chemically adsorbed, while 
the remaining f rac t ion ,  (1 - S), of impinging molecules w i l l  
rebound. Quantity S is  termed the  "sticking coef f ic ien t . "  The 
adsorbed gas molecules may gradually desorb from the  surface.  If 
N i s  the  number of molecules stuck t o  a un i t  area of lunar sur-  
face, then a fract ion,  D, of these molecules w i l l  be desorbed per  
un i t  t i m e  where D i s  ca l led  the desorption coe f f i c i en t .  Note 
t ha t  D is here defined as a f r ac t ion  and therefore  d i f f e r s  from 
the D defined i n  Sec. 1V.E. 

In general, the  value of S depends on the average ve loc i ty  
of the  impinging molecules and on the  species of molecule and the  
chemical composition of the surface.  The value of D depends on 
the specie of molecule, t he  chemical composition of the  surface, 
and the surface temperature, T. The rate of change of N i s  
given by 

fS - D N .  d t  

For a given species, the value of S 
constant, but f and D w i l l  vary as the pressure and temperature 
a t  t he  lunar surface change due t o  impingement of t he  rocket ex- 
haus t plume . 

can be considered r e l a t i v e l y  

Flux, f ,  i s  r e l a t e d  t o  gas pressure, p, a t  t h e  lunar sur- 
face.  Each of the molecules t h a t  s t r i k e  the  surface and s t i c k  t o  
i t  t ransfer  momentum, E, t o  the surface where M and are, 
respectively,  the average molecular mass and the  average component 
of molecular veloci ty  normal t o  t he  surface.  I f  the  molecule re- 
bounds e l a s t i c a l l y  instead of s t icking,  it t r ans fe r s  momentum 2MG 
t o  the surface. The pressure, p, which i s  the  momentum t rans-  
f e r r ed  t o  a u n i t  area p e r  u n i t  t i m e  by the  
i s  given by 

f impacting molecules, 

p L= fMcS -I- f2Mu(l - S) = Muf(2 - S )  . (73) 

Thus 

P f =  
Mc(2 - S) . 

In Eq. (74), the  e f f e c t s  of i n e l a s t i c  c o l l i s i o n s  are neglected. - 
The root  mean square value of u can be subs t i t u t ed  fo r  u i n  
Eq. (72) without introducing s i g n i f i c a n t  e r r o r .  Thus, 

(74) 
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where k i s  Boltzmann*s constant and Tg is  the  gas temperature. 
The value of Tg 
v i c i n i t y  of t he  LEM i s  of the  order of 
the gas in  the combustion chamber of the rocket.  
of Tg = 0.64Tc w a s  used i n  Eq. (75). The values of S fo r  t he  
pr inc ipa l  species of gas i n  the  exhaust, shown i n  Table 20, w e r e  
found with the a i d  of a computer program (cf .  Sec. 1V.G) developed 
a t  Grumman under Contract NASw-1027 (Ref. 4) .  Values of D w e r e  
found using the  expression D = l / ~ ,  where T, the  adsorption 
l i fe t ime (Refs. 25 and 26) i s  given by (see discussion of thermal 
l i fe t imes  i n  Sec. 1V.F) 

fo r  the rocket gas near the lunar surface i n  the 
Tc, the  temperature of 

The average value 

In Eq. (76), i s  a parameter cha rac t e r i s t i c  of lunar surface 
material, R is  the  gas constant, Q is  the hea t  of adsorption 
of the species on the  lunar surface material, and i s  the lunar 
surface temperature. Uncertainties i n  the  calculated values of S 
and D are b r i e f l y  considered l a t e r  i n  t h i s  sect ion.  

cc0 

T 

The value of T i n  Eq. (76) varies  as the lunar surface i s  

A s  discussed, the constant value T = To 
heated by the  impinging rocket plume and subsequently cools a f t e r  
the  engine shuts down. 
w a s  used t o  ca lcu la te  D, where To is  the ambient lunar surface 
temperature. Therefore, changes i n  D with T [see Eq. (76)l 
have been ignored and the  computed d is t r ibu t ions  of adsorbed gas 
are va l id  only a t  distances greater  than 30 f t  
point  where heat ing of the surface by the rocket plume can be 
ignored (cf .  Table 23) . No attempt w a s  made t o  compute d is t r ibu-  
t i ons  a t  dis tances  of less than 30 f t  taking in to  account var ia-  
t i ons  i n  T because ex is t ing  data on var ia t ion  of D with T 
under lunar  environmental conditions are inadequate. The sensi-  
t i v i t y  of D t o  changes in  T and other  parameters i s  i l l u s t r a t e d  
i n  Fig.  66. The value of T during rocket plume impingement and 
subsequent cooling have been calculated (Sec. 1V.H) , and can be 
used t o  compute adsorbed gas d is t r ibu t ions  when the necessary data 
are ava i lab le  (see Sec. V.B) . 
by f i t t i n g  an ana ly t ic  expression f o r  T during cooling, taken 
from Chap. 2 of Ref. 22, t o  the T d i s t r ibu t ion  discussed i n  
Sec. 1V.H. Lunar surface thermal parameters fo r  use i n  the ana- 
l y t i c  expression are given i n  Sec. 1V.H. 

from the touchdown 

The computation can be s implif ied 



The descent t r a j ec to ry  chosen fo r  the calculat ion has zero 
horizontal  ve loc i ty  and constant negative v e r t i c a l  veloci ty .  
corresponds w e l l  with pretouchdown t o  touchdown conditions i n  
current  t ra jec tory  planning (Ref. 3 ) .  

This 

The following solut ion has been found fo r  E q .  (72):  

where N i  i s  the number of adsorbed molecules p e r  u n i t  a rea  of 
the i t h  species, and Nio i s  the value of N i  a t  t = 0. A 
computer program w a s  wr i t ten  t o  evaluate E q .  ( 7 7 ) .  

3 .  Results 

Values of the  desorption coef f ic ien t ,  D, w e r e  calculated fo r  
the 10 species of exhaust gas contaminants shown i n  Table 14. The 
values for z = 1 / D  [Eq. ( 7 6 ) ]  i n  Table 14 w e r e  calculated using 
the values T = 365°K and T~ = 10-13 sec. Note t h a t  the values 
of Q i n  Table 14 t h a t  w e r e  used t o  ca l cu la t e  T are the  same as  
the values of E i n  Table 20 expressed i n  d i f f e ren t  u n i t s .  The 
assumption of constant T ignores the  heating of the  lunar sur- 
face by the impinging descent rocket plume. 
lead t o  erroneous r e s u l t s  i n  the immediate v i c i n i t y  of the touch- 
down point. A t  distances of about 30 f t  o r  more from the  touch- 
down point, the  lunar surface heating e f f e c t s  of the rocket on D 
become unimportant (c f .  Table 27) and the  assumption of constant T 
i s  va l id .  

This neglect would 

From E q .  (77) it  i s  seen t h a t  z plays the  r o l e  of a t i m e  
constant i n  the  decay of the amount of adsorbed contamination. 
Apollo astronauts w i l l  not  begin co l l ec t ing  samples fo r  a t i m e  
period greater  than 
c o l l e c t  any fu r the r  samples a f t e r ,  a t  most, 
i s  small compared with 
contaminant w i l l  remain by the t i m e  t h e  samples are col lected.  

1 x l o 3  sec a f t e r  touchdown, and w i l l  not 
I f  

then none of t he  adsorbed 
1.4 x lo5 sec.  

1 x l o 3  sec, 

The 

T 

Table 14 shows t h a t  H, Hi, COY and C02 w i l l  desorb so rap id ly  
t h a t  they w i l l  no t  be present i n  the  samples. 
w i l l  only appear i n  regions of the lunar  surface where they are 
chemically adsorbed. 

The other  species 
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Radial Distance - Meters 

Fig. 13 Density of Rocket Exhaust Species  Adsorbed on t h e  
Lunar Surface Versus Radial Distance from LEM 

- 
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5 If T i s  large compared with 1.4 x 10 sec, there  w i l l  be 
negl igible  desorption during the  lunar s t ay  period and the density 
of the  adsorbed contaminant w i l l  remain the  same as i t s  value when 
the descent rocket i s  shut down. 
taminant species on areas where they are chemically adsorbed i s  
shown i n  Fig. 13. The values i n  Fig. 13 w e r e  computed using the 
values of D i n  Table 14. Figure 13 p l o t s  densi ty  in  kg/m2 
versus distance from touchdown point i n  meters. The reader must 
again be cautioned t h a t  Table 14 and Fig. 13 are, a t  best ,  rough 
order of magnitude estimates. Insuf f ic ien t  data  ex is t  a t  present 
t o  make r e l i a b l e  estimates of values for  S and D i n  Eq. (77) 
(c f .  Sec. V.B). 

The density of adsorbed con- 

zable  14 

sec -13 VALUES OF a = 1/D FOR T = 365°K AND an = 10 

Species 

H 

H2 

H2° 

co 

c02 

N2 

NO 

0 

O2 

OH 

Q 
cal/mole 

Phys . Chem. 

4 . o ~ o ( ~  lo4) 2.1(x 10 ) 

.23 2.3 

1.4 6 .O 

.69 2.3 

.92 2.3 

.46 4.6 

.72 

.58 

.46 

15 

8 .1  

4.6 

.92 10 

z 
sec 

Phys . 

< 

< 

< 

< lo-8 

< 

< 

< 10- 

< 
< lo-1o 

< 

Chem. 

.37 

6.0 

> lo22 

6.0 

6.0 

> 

> 

> 
> 

> 
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4. Conclusions 

The approximations made i n  the computer program, which w e r e  
discussed e a r l i e r  i n  t h i s  note, do not introduce s ign i f i can t  e r r o r  
i n t o  the r e s u l t s .  Far more serious i s  the present lack of data  on 
the  values of parameters S and D under lunar environmental con- 
d i t ions ,  and of the var ia t ion  of D with temperature. It should 
be noted t h a t  D appears exponentially i n  Eq. (77) and the com- 
puted r e s u l t s  are sens i t ive  t o  errors i n  D. Therefore the  r e s u l t s  
presented herein can be t rea ted  only as qual i ta t ive  guidel ines .  
r e s u l t s  should be recalculated when be t t e r  data are avai lable .  

The 
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E.  Atmosphere [F. Pomil la  and N. Milford] 

1. General 

To i n t e r p r e t  the measurements t h a t  w i l l  be made of t h e  
gases i n  t h e  lunar atmosphere during and a f t e r  t h e  LEM s t ay  on 
the  moon, estimates a r e  made of t h e  contamination of the ambient 
lunar atmosphere by t h e  exhaust gases. Adopting as source func- 
t i o n  f o r  t h e  atmospheric contaminants t h e  appropriate f r ac t ion  of 
the space and time d i s t r i b u t i o n  of t h e  L E M  gases s t r i k i n g  t h e  
lunar surface, calculat ions have been made of two models of lunar 
atmosphere contamination. 
gives the average over the moon of t h e  contaminant gas densi ty  as 
a function of so l a r  wind ve loc i ty  and time. I n  t h e  second model, 
an appropriate diffusion equation i s  solved t o  give t h e  contami- 
nant density as a function of posi t ion on t h e  lunar  surface,  so l a r  
wind velocity, and time. 

The f i r s t  model, va l id  f o r  la ter  t i m e s ,  

The  contamination ca lcu la t ions  are based on models of lunar 
atmospheres w i t h  t i m e  dependent gas sources developed a t  Grumman 
and described i n  d e t a i l  i n  t h e  Grumman Research Department repor t  
''Variations i n  t h e  Lunar Atmosphere" (Ref. 26). To make 
the present descr ipt ion of t h e  lunar atmosphere contamination 
calculat ions reasonably self-contained, an ou t l ine  of t h e  models 
covered i n  t h a t  Grumman repor t  i s  included he re .  
paragraphs, t h e  space-independent and space-dependent models (I 
and 11, respectively) of atmosphere contamination are formulated 
and t h e  basic contamination equations solved. The numerical re- 
s u l t s  a r e  then presented i n  t h e  form of graphs of t h e  atmospheric 
contaminant d i s t r i b u t i o n  w i t h  pos i t ion  on t h e  moon and t i m e  a f t e r  
i n i t i a l  ign i t ion  of LEM descent rockets,  and f i n a l l y  t h e  implica- 
t ions  a r e  discussed. During t h e  LEM stay-time, t h e  contamination 
of the atmosphere i s  shown t o  be both appreciable and nonuniform 
i n  d is t r ibu t ion ,  w i t h  t h e  subsequent t rend towards a uniform d i s -  
t r i bu t ion  proceeding a t  d i f f e r e n t  rates f o r  d i f f e r e n t  exhaust gas 
species 

I n  t h e  following 

2. Model I Formulation 

a .  Assumptions: I n  t h i s  s implif ied model of the  lunar a t -  
mosphere, t h e  exhaust gases from t h e  LEM are assumed t o  spread 
uniformly over t h e  lunar surface,  a t t a i n  t h e  temperature of t h e  
surface and then be reemitted i n t o  t h e  ambient lunar  atmosphere 
a t  a uniform time r a t e .  I n  turn,  these exhaust gases are assumed 
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l o s t  from t h e  atmosphere through t h e  mechanisms* of (a) col-  
l i s i o n s  ( e l a s t i c  and charge exchange) with t h e  so l a r  wind, 
(b) in te rac t ions  w i t h  so la r  photons producing photoionization 
and photodissociation, and (c) thermal evaporation from t h e  
top of t h e  atmosphere, as w e l l  as  by (d) s t ick ing  t o  t h e  lunar 
surface.  

Because t h e  ambient lunar atmosphere i s  extremely ra ref ied  
(< 10-9 
exhaust gases i s  very large so t h a t  t h e  assumption of a uniform 
d i s t r ibu t ion  over t h e  lunar surface i s  reasonable f o r  long t i m e s  
after rocket shutoff.  This model then should give t h e  asymptotic 
values of t h e  gas dens i t ies  approached by space dependent d i s t r i -  
bution models. 

of t h e  e a r t h ' s  atmosphere), t h e  mean free path of t h e  

b. Equations: I f  t h e  t o t a l  number of particles, N, of 
V, between a given species of gas i s  contained i n  t h e  volume, 

t h e  surface of t h e  moon (of radius 
a t  height b, then 

ro) and a spherical  surface 

N - n V ,  

:?!ere T; 
and t h e  "scale volume" i s  

2s Che ii-wber densi ty  of t h e  gas species i n  question 

3 3 (ro + h) - r 
0 

w h i l e  t h e  "scale height" f o r  a gas of p a r t i c l e s  of mass m i s  

The number density,  n, i s  taken as constant throughout t h e  
volume, V, and therefore  it a lso  represents  t h e  average surface 

* 
W e  follow Hinton and Taeusch (Ref. 27), hereaf te r  re fer red  t o  as 
H and T, i n  evaluating the losses  from the  atmosphere due t o  
mechanisms (a) - (c). 
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number density. Then, i n  t h i s  simple model, n i s  t i m e  depen- 
dent only and i t s  t i m e  r a t e  of change i s  given by 

r 1 
dn - + An = d t  

where 

AN = t he  number of p a r t i c l e s  of a given species of gas 
l o s t  per second from t h e  atmosphere v i a  the H and 
T mechanisms, 

B = t h e  number of p a r t i c l e s  of a given species of gas 
emitted from t h e  H and T surface sources p e r  sec- 
ond, exclusive of t h e  contr ibut ion from t h e  L E M  
exhaust, and 

C(t)  = the  number of p a r t i c l e s  of a given speciesof ex- 
haust gas reemitted per  second from the lunar surface. 

Following our assumption t h a t  the exhaust gases are reemitted from 
the lunar surface a t  a constant t i m e  ra te ,  w e  l e t  

C(t)  = D u ( t )  , 

where u ( t )  i s  the step-function of t i m e  

a 
being reemitted, and 

i s  t h e  t o t a l  time i n t e r v a l  during which  t h i s  exhaust gas i s  

D = number of p a r t i c l e s  of a given species of exhaust 
gas reemitted per second from t h e  lunar surface.  
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C .  Solutions: The solutions of Eq. (78) are e a s i l y  
found (Ref. 26) t o  be: 

- A t  

V A B + D  + e (No n ( t )  = - AV 

and 
1 
I f o r  t > 7 
I 

i n  which we  have used t h e  i n i t i a l  condition 

0 
N 

V n = -  a t  t = O  . 
For those exhaust gas species t h a t  are initially pressnt 

i n  c'ne H and T model atmosphere, viz., H20 and H, 

which i s  t h e  equilibrium value for those species, w h i l e  f o r  a l l  
t h e  o ther  gas species i n  t h e  exhaust, 

N = 0 ,  
0 

as these are not  i n i t i a l l y  present i n  t h e  H and T model atmosphere. 

The expressions used f o r  evaluating t h e  quan t i t i e s  A and 
are i d e n t i c a l  w i t h  t h e  H and T expressions f o r  t h e i r  l o s s  and B 

source terms, respectively.  Thus, using H and T notation, 

~ 103 



and 

where 

J 

and 

S 
J 

2 2 B = XJmo + Jshro , 

2 = t o t a l  pos i t ive  ion f lux  i n  t h e  so la r  wind per cm 
per sec 

= t h e  f l ux  of p a r t i c l e s  of the given species i n t o  t h e  
lunar atmosphere due t o  
fuse  r e f l ec t ion  of solar wind ions, and (b) t o  ac- 
tua l  sources i n  t h e  lunar surface c rus t .  

(a) neut ra l iza t ion  and d i f -  

Following H and T, we  have taken Js = 1.5 x 10 5 moles p e r  cm 2 
per sec fo r  H20, and Js = 0 f o r  a l l  the other  exhaust 
species. The four terms on the r i g h t  hand s ide  of t h e  expres- 
s ion f o r  A a r e  the rates of escape of particles of a given 
species per second from the lunar atmosphere due t o  the follow- 
ing pi-;lccsses: 

(a) Loss of a p a r t i c l e  as a r e s u l t  of i t s  gaining enough 
energy from an elastic c o l l i s i o n  w i t h  a so l a r  wind 
proton. The  e f f ec t ive  cross  sect ion f o r  such col-  
l i s ions  is oIR and 7 is t h e  average geometric 
probabi l i ty  &at a p a r t i c l e  receiving enough energy 
i n  such a c o l l i s i o n  w i l l  be e jected from t h e  atmo- 
sphere and not h i t  t h e  moon's surface.  

(b) Loss of a p a r t i c l e  as a resu l t  of having undergone 
a charge exchange c o l l i s i o n  w i t h  a s o l a r  wind posi- 
tive ion and thereby receiving enough energy t o  
reach t h e  s l i g h t l y  pos i t ive ly  charged lunar  surface 
and recombine there .  The e f f e c t i v e  charge exchange 
cross sect ion is a1 and X is t h e  f r ac t ion  of 
posi t ive ions of a particular kind i n  t h e  so la r  wind. 
Following Al le r  (Ref. 28), we have taken X = -86 
f o r  H and X = 0 f o r  a l l  t h e  o ther  exhaust species. 
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(c) Loss of a p a r t i c l e  as a r e s u l t  of in te rac t ing  with 
t h e  so l a r  photon f l u x  Q0 (Ref. 29) and thereby 
being ionized or  dissociated w i t h  t h e  cross  sect ions 
f o r  each of t h e s e  processes being designated by CJ . 

(d) Loss of p a r t i c l e s  &:e t o  t h e r m a l  escape of p a r t i c l e s  
(wi th  r .m . s .  speed g) a t  t h e  height h (Jean's es- 
cape mechanism). 

W e  have wr i t ten  t h e  rate of reemitted exhaust gas, D, i n  
t h e  form 

where 

Y = mole f rac t ion  of a given species of gas i n  
t h e  exhaust, 

M = t o t a l  mass of exhaust gas i n  grams, a rb i -  
t r a r i l y  chosen as 107 grams, 

= Avogadro's number, NA 

w = molecular weight of t h e  given species of gas, 

f = f r ac t ion  of exhaust gas of the  given species 
t h a t  h i t s  t h e  surface and i s  reemitted i n  
a t i m e  T . 

Table 15 contains t h e  various values we have taken f o r  t h e  
parameters entering i n t o  t h e  quantlLles A, B, and D. p i s  t h e  
f r a c t i o n  of t h e  p a r t i c l e s  of a given species i n  t h e  atmosphere t h a t  
i s  exposed t o  t h e  sun. 

3. Model I1 Formulation 

a. Assumptions: I n  t h i s  model, t h e  i n i t i a l  space d i s t r i -  
bution of t h e  LEM exhaust gas as  it impinges on t h e  lunar surface 
i s  taken as known input from t h e  f a r  f i e l d  and near f i e l d  gas dy- 
namics ca lcu la t ions  (cf ., Sections IID2,3; VA,B of t h i s  repor t ) .  
The gas p a r t i c l e s  i n  t h i s  i n i t i a l  d i s t r ibu t ion  subsequently under- 
go a t h r e e  dimensional d i f fus ion  in to  t h e  t h i n  lunar atmosphere. 
It i s  assumed t h a t  t h i s  can be adequately represented by a d i f -  
fus ion  of t h e  p a r t i c l e s  i n  two dimensions across t h e  lunar surface 
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w i t h  concurrent loss  mechanisms occurring i n  t h e  v e r t i c a l  column 
of gas of scale height,  h, f o r  each species. As i n  Model I, 
t h e  atmospheric number density,  n, fo r  each species  i s  assumed 
uniform over the sca le  height, 
t o  be thermalized upon s t r ik ing  t h e  lunar  surface. 
t o  t h e  loss  mechanisms of 
i n  Model I1 ( i n  some d e t a i l )  the adsorption and desorption occur- 
r i ng  a t  t h e  lunar surface f o r  each gas species. 

h, and the p a r t i c l e s  a r e  assumed 
I n  addi t ion  

H and T used i n  Model I, we consider 

1 
b. Equations: Choosing the diffusion coe f f i c i en t  D as 

a constant f o r  each species  of exhaust gas, t h e  diffusion equa- 
t i o n  f o r  t h e  particle densi ty  n (particles/cm3) i s  

where q i s  a source function (~m'~sec' l)  t h a t  i s  not  ex- 
p l i c i t l y  dependent on the number densi ty  n a t  each 
(r,e,cp), and K i s  t h e  time r a t e  coef f ic ien t  (see- 
t h e  l o s s  term which is  e p l i c i t l y  n dependent. The constant 
d i f fus ion  coef f ic ien t  D i s  given by 

' 1  D = -Av , 3 

where 

A = mean f r e e  path of a gas pa r t i c l e  

v = veloc i ty  of reemission of a gas particle from the 
lunar surf ace. 

c. Solution: The t h r e e  dimensional diffusion problem 
[Eq. (79)]  i s  reduced t o  two problems: (a) a one dimensional 
uniform vertical d i s t r ibu t ion  of height h above t h e  lunar 
surface w i t h  appropriate  l o s s  mechanisms i n  t h e  v e r t i c a l  co l -  
umn as i n  Model I plus adsorption a t  t h e  base of t h e  column, 
and 
surface.  Choosing t h e  usual spherical  po lar  coordinates (r,O,q) 
with o r i g i n  a t  t h e  center  of t h e  moon and the LEM touchdown point 
as  t h e  pole,  t h e  t h r e e  dimensional diffusion equation [Eq. (79)l 

(b) a two dimensional diffusion along t h e  spherical  lunar 
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reduces t o  t h e  two dimensional equation 

qp = -$ [ (1 - w2) $4 + q b t )  + Kn p 
r 

0 

when 

r = r = radius  of moon 
0 

p = COS e 

and 

n i s  taken as cp independent. 

Taking t h e  source function 
form 

q as consis t ing of point  sources of t h e  

4 = qo 6(IJ. - v )  6 ( t )  , 

a t  times t 
t h e  i n i t i a l  condition 

a f t e r  the exhaust impinges on t h e  lunar  surface,  

and using Laplace transform techniques t o  solve Eq. (BO), we 
obtain (Ref. 26) 

1 9 (81) 

IK1 +T D' a ( a  + 1) t 
r 

0 
n(IJ.,t) - 4, f Q,(v) e 

a-0 

t where the 01 a r e  normalized Legendre functions of t h e  f i r s t  kind 

'If n i s  taken as cp dependent and 

q qo 6 0 .  - v )  6(cp - c p j  6 ( t )  9 

the  only e f fec t  produced i n  Eq. (81) i s  t h e  replacement of t h e  
@a functions by t h e  spher ica l  harmonics Ya,&,'P) 
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I f  we  divide t h e  moon's surface i n t o  small areas, 
and represent t h e  exhaust gas reemitted a t  a time 
area element as a pointsource located a t  (eicp4) , then t h e  
t o t a l  p a r t i c l e  density of a given gas specie a 
point  (8,cp) a t  the  t i m e  t can be shown (Ref. 26) t o  be 

SineiAeiAVj, 
t k  from each 

an observation 

where 

cosa = cos8 cosei + s ine  s ine.   COS(^ - cpj) , 1 

and 

32.17~ 10 -2 NAYm(Bi,cp.) 

2.205(30.48)2 
' (1- fl)AeiAcp. s i n  ei ( i n  cmo3) 

wh J 
q0(eiS9jStk) = 

f o r  h i n  km. The f a r - f i e ld  gas dynamics ca lcu la t ion  y ie lds  t h e  
t o t a l  mass per u n i t  area, rn(eipj) ( i n  s lugs/f t2) ,  of LEM exhaust 
gas t h a t  impinges on t h e  lunar surface a t  point 
assumed t h a t  a f rac t ion ,  of t h e s e  f a s t  p a r t i c l e s  of a given 
spec ie  s t i c k  t o  t h e  lunar surface for periods t h a t  are  long com- 
pared t o  t h e  observation time t. The  contr ibut ions from t h e  
near - f ie ld  ca lcu la t ions  can be expressed i n  a s imi la r  way. 
t o t a l  source coe f f i c i en t ,  qo(ei,qj,tk), i s  i n  general  a sum of 
t h e  near p lus  f a r - f i e l d  contributions. 

(ei,Tj), and w e  have 
f i r  

The 

The  other parameters i n  
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t h e  
The coe f f i c i en t  K of t h e  loss  term i s  given by 

go expression have already been defined above i n  Model I. 

where w e  have assumed, i n  addi t ion t o  t h e  l o s s  mechanisms i n  
Model I, represented again by t h e  coe f f i c i en t  A as defined 

cles of a given gas species t h a t  h i t  t h e  lunar surface (per cm2 
per sec.) s t i c k  t o  t h e  surface. 

above, t h a t  a f ract ion,  f2 ,  of t h e  - 1 -  n c thermalized p a r t i -  
4 0  

Table16 contains t h e  values of t h e  chemical s t ick ing  co- 
e f f i c i e n t s  fl  and f2  and t h e  desorption t i m e s  T ~ ,  which 
were obtained from Sections II.D5, and V.D of t h i s  report ,  f o r  
t h e  various species of exhaust gas. 

l i s t e d  i n  Table 16 f o r  an assumed constant temperature 
lunar surface of 300°K. The values i n  t h i s  t a b l e  are obtained 
from t h e  r e l a t ions  

The d i f fus ion  coe f f i c i en t s  

together w i t h  t h e  values of and A are a l s o  1 i(= 3 Av), 
(T) 

0 

c = . 1 5 8 4  (km/sec) 

-2 
C -5 lan = 162 x 10 - 2 s ec gm A = - sin2a , 
gm 

0 

v = c cosa , 
and therefore,  

1 c3 - sin2a cosa , D' = - 

where w e  have chosen 
from t h e  lunar surface f o r  t h e  thermalized gas p a r t i c l e s .  

a = 45" as t h e  average angle of reemission 



Table 16 

VALUES OF SOME OF THE INPUT PARAMETERS FOR MODEL I1 

Exhaust 
Species fl f 2  

H2° 

N2 

H2 

c02 

co 

H 

OH 

NO 

O2 

0 

0.9750 

0 . 947 

0.9926 

0.874 

0.779 

0.997 

0 . 987 

0.985 

0.933 

0.985 

0 . 99912 

0.99885 

0.99760 

0.99768 

0 . 99767 

0.99732 

0 . 99947 

0.99965 

0 . 99885 

0.99934 

W 

03 

3 

3 

3 

2 

3.2 x 10 

8.7 x 10 

8.7 x 10 

1.5 x 10 

W 

00 

W 

03 

0.645 

0 . 517 

1.93 

0.517 

0.412 

2.73 

0.664 

0.499 

0.483 

0 . 684 

2.57 

1.65 

23.0 

1.65 

1.05 

46.0 

2.72 

1.54 

1.44 

2.89 

39.0 

20.1 

10.5 x 10 

20.1 

10.2 

29.6 x lo2 
42.6 

18.1 

l h , 4  

46.6 

2 

4. Model I Results 

For each species of t he  exhaust gas w e  have calculated 
i n  Mod 1 I n( t )  for 0 < t < lo7  seconds w i t h  T = 1000 seconds, 

T = 300’K and F = 1(= f) .  These results are shown i n  Figs. 14-33 
assembled together a t  t h e  end of t h i s  section.* It should be noted t h a t  
t h e  number density n ( t )  (particles/cm3) i n  each f igure  i s  t h e  t o t a l  
of t h e  H and T ambient atmosphere plus t h e  TXM exhaust f o r  t h a t  particu- 
lar  gas species. Results f o r  addi t ional  values of t h e  parameters were 
ca lcu la ted  a t  Grumman and they appear i n  Ref. 26. 

J = 10 8 cm-2 sec-1 and 3 = cmm2 sec-l. I n  a l l  cases 

*In t h e  figures, t h e  symbols NO(TT) and TT represent n ( t )  i n  
particles/cm3 and t i n  seconds, respectively.  Since t h e  log-log 
p l o t s  necessar i ly  d i s t o r t  t h e  values NO(=) = 0, 
understood t h a t  NO(TT) = 0 a t  TT = 0 for a l l  gases except 
and H. 

it should be 
H2° 



5. Model I1 Results 

For each species of t h e  exhaust gas, w e  have calculated 
i n  Model I1 n(e,cp,t) f o r  lo3 5 t 5 l o 7  seconds a t  several values 
of 8 when J = lo9 cm-2 sec-1 and T = 300'K f o r  t h e  case of 
no s t icking,  and t h e  case i n  which  t h e  s t i ck -  
ing coef f ic ien ts  have t h e  values l i s t e d  i n  Table 16. The r e s u l t s  
are shown i n  t h e  log graphs of Figs. 34-65, (assembled together a t  
t h e  end of t h i s  section) where N(PHE) i s  t h e  value of n(Q,cp,t) 
i n  particles/cm3 and T i s  t h e  time t i n  seconds. Zero time 
corresponds t o  t h e  start  of t h e  powered descent of LEM, which i s  
some 500 seconds before touchdown. It should be noted t h a t  t h e  
number density, N(PHE), i n  each f igu re  i s  t h a t  f o r  t h e  LEM ex- 
haust only, excluding t h e  H and T ambient atmosphere. 
O,0lo and 90" chosen f o r  8 (indicated by THETA on t h e  f igures)  
correspond t o  t h e  dis tances  of approximately 300 meters and 2500 
km, respectively,  f r a n  t h e  LEM touchdown point,  which i s  t h e  pole 
of our spherical  coordinate system. The r e s u l t s  presented i n  Figs. 
34-65 hold f o r  a l l  values of cp . 

F1 = F2 = O(=fl=f2) 

The  values 

Results f o r  addi t iona l  values of t h e  parameters were ca lcu la ted  
a t  Gnuman and they appear i n  Ref. 26. Of course, i f  t h e  number 
densi ty  f o r  each exhaust species i s  desired a t  s t i l l  other  values 
of t h e  parameters, t h e  Grumman computer program i s  ava i l ab le  f o r  
such addi t iona l  computations . 

6. Conclusions 

a. Model I: The r e s u l t s  presented i n  Figs. 14-33 f o r  
t h i s  simple model represent an "averaged" contamination of t h e  lunar 
atmosphere by t h e  LEM exhaust gases. T h i s  model should y i e l d  t h e  
asymptotic values of t h e  contaminant gas d e n s i t i e s  approached by 
space dependent d i s t r i b u t i o n  models, such as our Model 11, a t  t i m e s  
long a f t e r  rocket shutoff. 

I n  Model I w e  have asusmed t h a t  t h e  t o t a l  mass of LEM exhaust 
(nominPlly chosen as 10 metric tons) h i t s  t h e  lunar  surface,  
spreads uniformly over t h e  surface, accommodates t o  t h e  temperature 
of t h e  surface (chosen t o  have a value of and i s  reemitted 
i n  i t s  en t i r e ty  (F - 1 = f )  i n t o  t h e  lunar  atmosphere a t  a con- 
s t a n t  rate i n  t h e  time i n t e r v a l  7 (chosen as 1000 seconds). I n  
t h e  actual powered descent phase of t h e  I;EM, t h e  t r a j e c t o r y  of t h e  
LEM and the exit v e l o c i t i e s  of t h e  exhaust gases are such t h a t  ap- 
proximately 

300'K) 

90 percent of t h e  t o t a l  exhaust w i l l  be l o s t  i n t o  space, 
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and of t h e  remaining approximately 10 percent which  does s t r i k e  
t h e  surface, sane w i l l  s t i c k  f o r  long periods of time. However, 
Model I1 does take cognizance of t h e  ac tua l  LEM descent character- 
istics and surface s t icking of exhaust p a r t i c l e s  and, therefore,  
the  r e s u l t s  (cf.  Figs. 34-65) a r e  more realist ic estimates of t h e  
i n t e n s i t i e s  and d is t r ibu t ions  of t h e  LEM contaminants i n  t h e  lunar  
atmosphere. 

I n  making comparisons between t h e  Model I and Model 11 r e s u l t s ,  
it should be reca l led  t h a t  our Model I r e s u l t s  (Figs. 14-33) give 
t h e  t o t a l  of t h e  H and T ambient atmosphere plus t h e  LEM exhaust 
number densi ty  f o r  each gas species i n  t h e  exhaust, w h i l e  Model I1 
r e s u l t s  (Figs. 34-65) give the number densi ty  f o r  t h e  LEM exhaust 
gas species only. H 2 0  
and H are a l s o  present i n  t h e  H and T ambient atmosphere. Fur- 
thermore, a t o t a l  mass of 
lunar  surface i n  Model I, w h i l e  approximately 1 m e t r i c  ton of ex- 
haust s t r i k e s  it i n  Model 11. 
parisons of t h e  r e s u l t s  f o r  Model I (Figs. 14-33) w i t h  t h e  r e s u l t s  
f o r  Model I1 (Figs. 34-65), a t  times a f t e r  a uniform d i s t r ibu t ion  
has  been reached, it i s  seen t h a t  Model I1 number dens i t ies  do 
approach' t h e  Model I densi t ies .  
probably due t o  crude B(=1) 

Of t h e  species present i n  t h e  LEM exhaust, 

10 m e t r i c  tons of exhaust s t r i k e s  t h e  

Then, making t h e  appropriate com- 

(H2 i s  an  exception, which i s  
value chosen f o r  it i n  Model 11). 

I+ is see11 E z z  ~ i g s ,  lk=33 tkt ~ ~ 0 ,  ii2, c r d  20 make t h e  
l a rges t  contr ibut ions i n  t h i s  s imple  model over periods grea te r  
than 1 day. Water vapor, the contaminant of g rea t e s t  selenophys- 
ical  i n t e r e s t ,  reaches a ma:cimum p a r t i c l e  density of approximately 
20 times t h a t  predicted (Ref. 27) f o r  i t s  abundance i n  t h e  ambient 
atmosphere. It i s  clear from the  comparison of Figs. 13-23 w i t h  
Figs. 24-33 t h a t ,  except f o r  hydrogen (H), t h e  e f f e c t  of an in-  
crease i n  t h e  so l a r  wind f l u x  (J) is  t o  decrease t h e  densi ty  
and decay times of the contaminants. The so l a r  wind tends t o  
sweep t h e  atmosphere c lean  of a l l  contaminants except 
case of H, t h e  so l a r  wind protons (H+) are neutral ized and 
d i f fuse ly  r e f l ec t ed  by t h e  lunar surface and thus add t o  t h e  
content  of t h e  atmosphere. T h i s  effect ,  of course, increases w i t h  
an  increase  i n  so l a r  wind flux. 

H. I n  t h e  

H 

b. Model 11: For t h i s  more realistic model, t h e  space and 
time d i s t r ibu t ions  of the pa r t i c l e  number dens i t i e s  f o r  t h e  LEM 
contaminant gases i n  t h e  lunar atmosphere are shown i n  Figs. 34-65. 
Resul ts  are obtained f o r  t h e  region of prime i n t e r e s t  f o r  t h e  f i r s t  
Apollo mission, t h a t  is ,  within 300 meters of LEM touchdown, f o r  



a simulated LEM descent t ra jec tory  t h a t  l i e s  wholly i n  t h e  plane 
of a lunar  great circle. 
plane, i.e., the cp = 0 plane. Results are a l s o  shown f o r  t h e  
p a r t i c l e  density a t  a la rge  dis tance 
touchdown point. 
b i t r a r i l y  chosen as 10 metric tons, of which 1 metric ton reaches 
t h e  surface of t h e  moon from t h e  f a r - f i e ld  gas flow. 
f ined almost exclusively t o  the region enclosed by the 
tude c i r c l e  about the LEM touchdown point  (pole). 
s i t y  calculat ions were performed 
i n  Table 16 and a l s o  
t h e  lunar surface. 
obtained from Sec. 1V.F and G. 
s t i ck ing  s ince  t h e  physical  s t ick ing  coef f ic ien ts  have desorption 
times t h a t  a r e  very short  (- several  seconds) compared t o  t h e  
r e l a t i v e l y  long t i m e s  (A/; - lo3 seconds) 
equation [Eq. (79)l t o  be applicable.  

T h i s  w a s  chosen as t h e  lunar meridianal 

(- 2500 lan) from t h e  LEM 
The t o t a l  mass of the LEM exhaust gases was ar- 

T h i s  i s  cona 
10" l a t i -  

The number den- 
1) using the s t ick ing  coe f f i c i en t s  

2) under the assumptions of no s t ick ing  t o  
The s t ick ing  coef f ic ien ts  used (Table 16) were 

W e  have included only chemical 

needed f o r  t h e  diffusion 

It i s  c l ea r  f r a a  t h e  f igures  t h a t  t h e  s ing le  most important 
l o s s  mechanism is  t h a t  of adsorption t o  t h e  lunar  surface.  Unfor- 
tunately,  t h i s  e f f e c t  i s  probably a l s o  the least w e l l  known of t h e  
l o s s  mechanisms due t o  the general  lack of knowledge of t h e  physical  
and chemical propert ies  of t h e  lunar surface. T h i s ,  combined w i t h  
t h e  f a c t  t h a t  t h e  so l a r  wind i t s e l f  i s  not  w e l l  known, makes t h e  
t heo re t i ca l  determination of t h e  s t ruc tu re  of the lunar atmosphere 
and i t s  contamination somewhat uncertain,  and a t  bes t  only order of 
magnitude estimates can be expected. 

I n  Model 11, only t h e  f a r - f i e l d  input  has  been considered s ince 
estimates of t h e  near-f ie ld  cont r ibu t ion  t o  t h e  atmosphere ind ica te  

I 
I t h a t  it is small compared t o  the f a r - f i e l d  contr ibut ion.  

Our r e s u l t s  presented i n  Figs. 34-65 are f o r  an  average so la r  

These are estimates obtained from Mariner 
wind f l u x  of 
86 percent a r e  protons. 
I1 and satellite measurements and reasonably approximate average 
so la r  wind parameters. However, s ince  t h e  f i r s t  Apollo mission w i l l  
be near the time of solar maximum, it is ant ic ipa ted  t h a t  t h e  s o l a r  
wind w i l l  be more intense than average. Larger s o l a r  wind f luxes 
w i l l  lead t o  smaller decay times f o r  t h e  exhaust contaminants and 
thereby e f f ec t  a f a s t e r  removal of t h e  contaminants from t h e  lunar  
atmosphere. 

109 pos i t ive  ions per cm2 per  second of which about 

For both models, t h e  values of t h e  parameter 7 chosen f o r  
each gas species are given i n  Table 15. W e  recall t h a t  t h i s  parameter 
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is  an attempt t o  represent t h e  geometric probabi l i ty  t h a t  a parti- 
cle receiving enough energy i n  a c o l l i s i o n  t o  enable i t  t o  escape 
w i l l  ac tua l ly  escape and therefore be l o s t  t o  t h e  atmosphere. 
Following t h e  reasoning of H and T i n  R e f .  27, w e  have chosen 
7 = 1 f o r  t h e  l i g h t  gases H and H and 7 = 1 / 2  f o r  t h e  re- 
maining heavy gases i n  t h e  LEM exhaus 2 . 

In  Model I1 w e  have chosen f3 = 1 for  a l l  the exhaust gas 
species. This parameter represents  the f r ac t ion  of the  p a r t i c l e s  
i n  the  atmosphere t h a t  are exposed t o  the  sun. 
from Model I, where the  exhaust gases w e r e  assumed uniformly d is -  
t r ibu ted  over the  lunar surface so  t h a t  B = 1/2 w a s  chosen as a 
reasonable value (except fo r  the l i g h t  gases H and H2 where 
f3 = 1 w a s  chosen), the  values of f3 = 1 in  Model 11 account f o r  
the f a c t  t h a t  the gases except H and H2, d i f fuse  slowly from 
the s u n l i t  s ide  (where LEM i n  the  f i r s t  Apollo mission w i l l  land) 
t o  the  dark s ide.  For H and H2, which d i f fuse  quickly, the  
value p = 1 is  probably crude. In f a c t ,  i n  the  case of H, 
which has i n  addi t ion t o  the LEM exhaust source an addi t ional  
source due t o  neutral izat ion of the so la r  wind protons, there  
should probably be two parameters B instead of one. 

As dist inguished 

The values of the cross sections l i s t e d  i n  Taflle 15 are 
reasonable estimates gleaned from the l i m i t e d  liizeratijre nr\ these 
c o i l i s i o n  processes. 
photodissociation cross sections,  so t h a t  these were estimated 
f r o m  the more abundant literature on t o t a l  photcabsorption cross 
sect ions.  

The literature is  pa r t i cu la r ly  scant on 

Final ly ,  it should be pointed out  t ha t  the  r e s u l t s  for very 
are not  val id ,  s ince f o r  the diffusion e a r l y  times 

theory t o  apply the  gas molecule must have undergone a t  least 
several  hops along the surface.  

(< lo3 sec) - 
The present computer calculat ions have shown tha t :  

For a given l a t i t ude  (0) on the  'lunar surface, 
the p a r t i c l e  density fo r  any atmospheric con- 
taminant species i s  not a function of the  longi- 
tude 9. Thus the r e s u l t s  presented i n  Figs.  34 
through 65 are a l l  a t  9 = 0. 

In the  region of L E M  touchdown, the  p a r t i c l e  
densi ty  of the contaminants i n  the atmosphere 
does not change with dis tance for  distances of 
30 meters t o  300 meters from touchdown. 
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It is seen from Figs.34 through 65  by comparing the no stick- 
ing (F - F = 0) results at 8 = 0.01' with those at 8 = go", 
that the light molecules H and H 2  are uniformly distributed in 
the atmosphere over half the moon's surface in a couple of hours, 
while the heavier contaminants C 0 2  and 02 require approximately 
six days to attain such a uniform distribution. 
taminants have distribution times between these extremes with that 
of H 2 0  being approximately two days. From additional calculations 
performed at G r u m n  it is found that in these stated times the 
uniform distribution is over the full surface of the moon. It is 
also clear that for the case of no sticking, the particle number 
densities of the contaminants are sufficiently large for signifi- 
cantly long times both in the vicinity of LEM touchdown and also 
at great distances that they should be readily detectable by stan- 
dard instruments. Indeed, if the present experimental and theo- 
retical estimates of lo6 particles/cm3 for the ambient lunar 
atmosphere are correct and there is no sticking of the exhaust 
contaminantsto the surface, then the total particle number density 
of the Contaminants in the vicinity of the LEM is of the order of 
the ambient atmosphere for the first day after touchdown. However, 
in the event that sticking to the surface occurs to the extent that 
we have estimated, those contaminants will be detectable in the 
atmosphere mly by more sensitive instruments in the vicinity of 
LEM touchdown and then only during th,: first few hours after touch- 
down. After this time period, only trace amounts 
cm3) of such contaminants will be present in the lunar atmosphere. 
At great distances from the LEM touchdown, such contaminants will 
never be present in more than trace amounts. The contaminants H, 
H2 ,  CO, ana C 0 2  with zero sticking coefficients will predomi- 
nate in the lunar atmosphere, with CO and C02 being most 
prevalent and most persistent. 

I 

The other con- 

(< 10'4 particles/ 

For completeness, it should be pointed out that by making 
certain approximations, it is possible to obtain an analytical 
formula that yields rough estimates of the atmospheric density of 
the various contaminant species in the neighborhood of the LEM 
touchdown site ( 6  - 0'): 

3 5 3 4 for 10 < t - tk < 10 , except H and H 2 ,  and 10 < t-tk < 10 
'for H azd H2,  where the symbols have the designations given to 
them above. 

Q Q Q 



Finally, the amount of atmospheric contamination for other 
values of the sticking coefficients can be estimated roughly from 
the figures (except for H, H2, CO, C02). In addition to the two 
cases of zero sticking and large sticking, there is the additional 
(trivial) case of complete sticking, which corre- 
sponds to zero atmospheric contamination (except for a small orbi- 
tal component that decays with the time constant 
times after the first contact of the LEM exhaust gases with the 
surface. Thus, it is possible to interpolate roughly between 
these three values of the sticking coefficients to find the con- 
tamination for intermediate sticking values. 

F1 = F2 = 1.0, 

A-1) at a l l  
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I O K  i'" Tau = 1000 F = 1 J = 109 T = 300 

Fig. 14 Model I - H20 Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 

Tau = 1000 F = l  Log (J) = 9.00000 T = 300 

Fig. 15 Model I - N2 Variation of ~ E b f  Ex aust Contamination 
With Time (Number of Particles/cm 9 versus Time in Seconds) 
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P Tau = 1000 F = 1 Log(J) = 9.00000 T = 300 

Fig. 16 Model I - H2 Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus T h e  in  Seconds) 

0 Tau = 1000 F = 1 Log(J)  = 9.00000 T = 300 

Fig, 17 Model I - CO Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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Fig. 18 Model I - C02 Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 

H Tau = 1000 F = 1 Log(J) = 9.00000 T = 300 
- 

e--- --_. 

Fig. 19 Model I - H Variation of LEM Exhaust Contamination 
W i t h  Time (Number of Partlcles/cm3 versus Time in Seconds) 
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Tau = 1000 F = 1 Log(J) = 9.00000 T = 300 

Fig. 20 Model I - OH Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 

Fig. 21 Model I - NO Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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1 
Fig .  22 Model I - 02 Variation of LEM Exhaust Contamination 

W€th Time (Number of Particles/cm3 versus Time in Seconds) 

..I .. 1, , , , 

Fig .  23 Model I - 0 Variation of Lm Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 

122 



Fig. 25 Model I - N2 Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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T A U  I 1000 F 1 L W I  Jl : 12.00000 T =  300 

Fig. 26 Model I - H2 Variation of LEM :,Lnaust Contamination 
With Time (Number of Particles'an3 versus T i m e  in  Seconds) 

u- 

rns 

3 

Fig. 27 Model I - CO Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus T i m e  in Seconds) 
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Fig. 28 Model I - C02 Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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Fig. 29 Model I - H Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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Fig. 30 Model I - OH Variation of LEN Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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rig. 31 Model I - NO Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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Fig. 32 Model I - 02 Variation of LEM Exh ust Contamination 
With Time (Number of Particles/cm’ versus TLme in Seconds) 

Fig. 33 Model I - 0 Variation of LEM Exhaust Contamination 
With Time (Number of Particles/cm3 versus Time in Seconds) 
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Fig. 34 Model I1 - H 0 Variation of LEM Exhaust Contami- 
nation with & m e  at 300 Meters from LEM Touchdown - 0 . 9 7 5 ,  F2 = 0.99912 F1 
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Fig. 35 Model I1 - H 0 Variation of LEM Exhaust Contami- 
nation with 3 ime at 300 Meters from LEM Touchdown 
F1 - 0 ,  F2 = 0 



Fig. 36 Model I1 - N Variation of LEM Exhaust Contami- 
nation with 3ime at 300 Meters from.LEM Touchdown 
F1 = 0.947, F2 = 0.99885 
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Fig- 37 Model I1 - N Variation of IZM Exhaust Contami- 
nation with $ h e  at 300 Meters from LEM Touchdown 
F1 = 0 ,  F2 = 0 
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Fig. 38 Model I1 - H 
nation with 3ime at 300 Meters from ZEM Touchdown 

Variation of LEM Exhaust Contami- 

F1 = 0, F2 - 0 
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Fig. 39 Model I1 = CO Variation of LEM Exhaust Contami- 
nation with Time at 300 Meters from LEM Touchdown 

F1 = 0, F2 - 0 
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Fig. 40 Model I1 - CO Variation of LEM Exhaust Cantami- 
nation with Thne at 300 Meters from LEM Touchdown 
F1 = 0, F2 = 0 
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Fig. 41 Model I1 - H Variation of LeM Exhaust Contami- 
nation with T h e  at 300 Meters from IJDl Touchdown 
F1 = 0, F2 = 0 
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Fig. 42 Model I1 - OH Variation of LEM Exhaust Cmtami- 
nation with Time at 300 Meters from LEM Touchdown 
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Fig. 43 Model I1 - OH Variation of LEM Exhaust Contami- 
nation with Time at 300 Meters from LEM Touchdown 
F1 = 0, F2 - 0 
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Fig. 44 Model I1 - NO Variation of LEM Exhaust Contami- 
nation with Time at 300 Meters from LEM Touchdown 
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Fig. 45 - Model I1 - NO Variation of LEM Exhaust Contami- 
nation with Time at 300 Meters from LeM Touchdown 

F1 = 0 ,  F2 = 0 
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Fig. 46 Model I1 - 0 Variation of LEM Exhaust Contami- 
nation with ? h e  at 300 Meters from LEM Touchdown 

= 0.933, F2 = 0.99885 F1 

THETR : .oio J . 109 TEW = 300 FI : .ooooo 
F2 = .OOOOO p’ 

Fig. 47 Model 11 - 0 Variation of LEM Exhaust Contami- 
nation with $ h e  at 300 Meters from LEM Touchdown 
F1 = 0, F2 = 0 
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Fig. 48 Model I1 - 0 Variation of LEM Exhaust Contami- 
nation with Time at 300 Meters from LEM Touchdown 
F1 = 0.985, F2 = 0.99934 
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Fig. 49 Model I1 - 0 Variation of LEM Exhaust Contami- 
nation with Time at 300 Meters from LEM Touchdown 
F1 = 0, F2 = 0 
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Fig. 50 Model I1 - H 0 Variation of LEM Exhaust Contami- 
nation with fime at 2700 knz from LEM Touchdown 

F1 = 0.975, F2 = 0.9912 
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Fig. 51 Model I1 - H 0 Variation of LEM Exhaust Contami- 
nation with 3ime at 2700 km from LEM Touchdown 

F1 = 0, F2 - 0 
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Fig. 52 Model 11 - N Variation of LEM Exhaust Contami- 
nation with ?ime at 2700 km from TXM Touchdown 
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Fig. 53 Model I1 - N Variation of LEM Exhaust Contami- 
nation with ? h e  at 2700 tan from LEM Touchdown 
F1 = 0 ,  F2 = 0 

137 



Y 

3 

0 - 

0 
2 2  
w I L 

i 
8 
1 

1 

12 THETA : 9o.ooo - J I 109 TEMP : 300 F I  .ooooo 

\ 

\ 
\ 

3 '  Y '  5 -  6 -  7 
LllC T 

Fig. 54 Model I1 - H Variation of LEM Exhaust Contami- 
nation with b e  at 2700 km from LEM Touchdown 
F1 = 0, F2 = 0 

THETA - 9o.ooo - J = 109 TEMP : 300 FI .ooooo F0 

Fig. 55 Model I1 - CO Variation of LEM Exhaust Contami- 
nation with Time at 2700 km from LEM Touchdown 
F1 = 0, F2 = 0 
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Fig. 56 Model I1 - CO Variation of LEM Exhaust Contami- 
nation with T k  at 2700 km from IJW Touchdown 
F1 = 0, F2 = 0 
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Fig. 57 Model I1 - H Variation of LEM Exhaust Contami- 
nation with Time at 2700 km from LEM Touchdown 
F1 = 0, F2 = 0 
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TEMP : 300 F1 : .98700 FZ = m99997 

Fig. 58 Model I1 - OH Variation of LEM Exhaust Contami- 
nation with Time at 2700 km from LEM Touchdown 
F1 = 0.987, F2 = 0.99947 
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Fig. 59 Model I1 - OH Variation of LEM Exhaust Contami- 
nation with Time at 2700 km from LEM Touchdown 
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Fig. 60 Model I1 - NO Variation of LEM Exhaust Contami- 
nation with Time at 2700 lun from LEM Touchdown 
F1 = 0.985, F2 = 0.99965 
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Fig. 61 Model I1 - NO Variation of LEM Exhaust Contami- 
nation with Time at 2700 km from LEM Touchdown 
F1 = 0, F2 = 0 
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Fig. 62 M o d e l  11 = 0 Variation of ‘LEM Exhaust Contami- 
nation with 3ime at 2700 km from LEM Touchdown 
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Fig. 63 M o d e l  I1 = 0 Variation of LEM Exhaust Contami- 
nation with $ h e  at 2700 km from LEM Touchdown 
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Fig. 6 4  Model I1 - 0 Variation of LEM Exhaust Contami- 
nation with Time at 2700 km from E M  Touchdown 
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Fig. 65 Model I1 - 0 Variation of LEM Exhaust Contami- 
nation with Time at 2700 km from Touchdown 
F1 = 0, F2 =: 0 
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F. Desorption of LEM Exhaust Gases From the Lunar 
Surface [M. Sidran] 

1. General 

To estimate the contamination that w i l l  result from the inter- 
action of the LEM exhaust with the lunar surface, the physical 
and chemical properties of the surface and the state of the 
impinging gases must be evaluated. Gas molecules colliding with 
the surface may rebound elastically, react chemically to form 
new species, or become adsorbed at an active surface site. This 
section discusses the fate of the adsorbed molecules. The thermal 
lifetimes of adsorbed gases are calculated. Desorption mechanisms 
such as solar wind sputtering and out-gassing by micrometeorite 
collisions are briefly discussed. 
molecules in the lunar atmosphere are considered. Finally, the 
effects of high energy solar radiation on adsorption and de.oq- 
tion processes are described. 

The lifetimes of desorbed 

2. Discussion 

The properties of the lunar surface depend on both its compo- 
sition and its interaction with the lunar environment. 
on their thermal history, portions of the surface havc probably 
cooled in the absence of an atmosphere to form a rock Eoam of 
very low density. 
and fractures the surface; the impacts shock the crystalline 
structure, producing a disordered lattice. 
may be transported to other portions of the surface where they 
form a layer, possibly welded into a fairy castle structure in 
the hard vacuum (Ref. 30), Some of the original projectile 
energy is dissipated as heat that can outgas the surface, and 
can melt part of the rock, possibly giving a glassy material on 
cooling (Ref. 31). 

Dependin? 

The constant rain of micrometeorites pulverizes 

Ejected dust particles 

Low energy solar wind particles sputter away the surface 
atoms, especially the lighter elements, many of which leave the 
surface with velocities in excess of the escape velocity. 
are driven deep into crevices and pores. 
on sputtering indicate that the surface can be welded into a 
porous, brittle crust rich in metallic atoms, and poor in oxygen 
(Ref. 32). 

Others 
Laboratory measurements 



High energy so lar  wind pa r t i c l e s  penetrate  t h e  bulk mater ia l ,  
producing l a t t i c e  defects  t h a t  migrate t o  the surface a t  lunar 
temperatures. 
surface defect sites fo r  adsorption and ca t a lys i s .  

the  surface by e jec t ing  photoelectrons. 

face i s  a highly ac t ive  s i t e  for  promoting chemical react ions and 
adsorption of LEM gases. 

These s i n t e r  t h e  dus t  grains together and form 

The high energy electromagnetic radiat ion from t h e  sun ionizes 

Due t o  the e f f e c t s  of a l l  the above processes, the lunar sur-  

The e f f e c t s  of ionizat ion by so lar  rad ia t ion ,  and of co l l i s ions  
with so l a r  p a r t i c l e s ,  on the  exhaust gas molecules i n  the atmo- 
sphere a re  neglected i n  first approximation because of the  low 
probabi l i ty  of t h e i r  occurrence. We therefore  assume t h a t  most 
of the gas released i n t o  the atmosphere e x i s t s  i n  the form i n  
which it l e f t  the vehicle .  However, the e f f e c t  of these agents 
on the process of adsorption i t s e l f  must be considered. 
l i t t l e  da ta  are avai lable ,  the preliminary experiments indicate  
t h a t  high energy rad ia t ion  increases the probabi l i ty  and binding 
energy of chemisorption, leading to  p rac t i ca l ly  i n f i n i t e  adsorp- 
t i o n  l i fe t imes .  

Although 

3 .  Results 

a. Thermal Desorption of LEM Gases: The approximate 
lifetimes (Ref.25) of molecules physically adsorbed on s i l i c a t e  
rocks are shown i n  Table 1 7  f o r  14 LEM exhaust gases a t  
about the temperature of the  sub-solar point ,  and a t  the 
temperature of dark, cold shadowed crevices where sunl ight  never 
reaches. ( T ~  i n  Tables 17  and 18, and Fig. 66 i s  a parameter of 

t h e  lunar  surface material,cf.Ref. 25) There i s  ac tua l ly  a range 
of l i f e t imes  for  each molecule, since the l i fe t ime i s  a sens i t ive  
function of the heat of adsorption, Q, which va r i e s  w i t h  posi t ion 
on t h e  surface according t o  the ac t iv i ty  of l oca l  trapping sites. 
I f  we def ine s igni f icant  l i fe t imes as  those grea te r  than 10 sec- 
onds, then only H20 and OH ( a t  T = 126%) have s igni f icant  l i f e -  
t i m e s  fo r  physical adsorption. 

exhaust gases.  

sorbed l i fe t imes  a t  404%. 
i n f i n i t e .  

times can be calculated exactly (Ref. 25). 

and f o r  H2,  H ,  and CO i n  Table  18, the exact calculat ion yields  

a mul t ip l ica t ion  fac tor  of about an order of magnitude for  the 

404"K, 
126%, 

Table 18 shows the chemisorbed l i fe t imes  (Ref. 25) of 10 
Only H2, H ,  and CO, and C02 have short  chemi- 

All other l i fe t imes  a r e  e f fec t ive ly  

The e f f e c t  of lunar temperature cycling on adsorption l i f e -  
For H 2 0  i n  Table 1 7 ,  



Table 17 

LIFETIMES OF LEM GASES ADSORBED PHYSICALLY ON SILICATE ROCK 

( T ~  = 404'K AND AT 126OK (TEMPERATURE OF CREVICES) 

Gas 

N2 

H2 

c02 

co 

H 

NO 

O2 

"3 

CH4 

C2H2 

H2° 

N 

0 

OH 

Q cal/mole 

4300 - 2 300 

3000-1500 

4800-7000 

7000-10,000 

900 

7400 

4400 

2300 

7200 

5200 

6600 

15 000-30 000 

5800 

9200 

T = 126'K 

loo6 t o  sec 

sec -11 to 10 

loo5  - 10-l sec 

10-l - 10 sec 

10-l2 sec 

0.5 sec 

4 

10.' sec 

loo9 sec 

0.3  sec 

loo4 sec 

loo2  sec 

39 sec - 10 

loo3 sec 

10 sec 3 

146 
- _ .  

T = 404OK 

sec -12 10-l1 t o  10 

sec 

- sec 

-8 loog - 20 sec 

sec 

sec 

sec 

sec 

sec 

sec 

sec 
3 t o  10 sec 

10'l0 sec 

loo8 sec 



Table 18 

LIFETIMES OF CHEMISORBED LEM GASES ON 
-13) SILICATE ROCKS (To = 10 

Gas 

OH 

H2° 

c02 

H2 

O2 
co 

0 

N2 
NO 

H 

Q cal/mole 

60,000-90,000 

60,000 

23,000 

23,000 

46,000-72,000 

23,000 

80,000 

45,000 

150,000 

20,000 

~~ 

T = 126'K 

lo2' sec 

lo2' sec 

lo2' sec 

lo2' sec 

lo2' sec 

lo2' sec 

lo2' sec 

lo2' sec 

lo2' sec 

lo2* sec 

T = 404OK 

1 0 ~ O - 1 0 ~ ~  sec 

IO*' sec 

0.4 sec 

0.4 sec 

10 12-1026 

1O2O 

loll 

1O2O 

loo2 

0.4 

tabulated lifetimes. 
constant temperature (404OK) gives a reasonable approximation to 
the exact lifetime. 

In all other cases, however, the use of a 

The lifetimes of IXM gases not shown in the tables may be 
Q found from Fig. 66, after data on their heats of adsorption 

become available. 
with Q kor (constant) lunar temperatures, the sub-solar 404%, 
the mean 303%, the dark 126%, and two other temperatures 
that might be found in dark crevices, 202% and 2560K. 

Figure 66 shows the variation of lifetime 

Gases thermally desorbed from the surface at 400% will 
have a distribution of mean velocities shown in Table 19. Many 
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Fig. 66 Thermal Lifetimes versus Heats of Adsorption 
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Table 19 

MEAN THERMAL VELOCITIES AND THERMAL LIFETIMES I N  LUNAR ATMOSPHERE 

OF DESORBED LEX GASES AT 4OO0K 

Gas 

N2 

H2 

c02 

co 

H 

NO 

O2 

“3 

cH4 

C2H2 

H2° 

N 

0 

OH 

Molecular 
Weight 

28 

2 

28 

44 

1 

30 

32 

14 

1 7  

16 

26 

18 

16 

17 

Mean Thermal 
Velocity (cm/sec) 

4 6 x 10 

2 lo5 

5 lo4 
3 lo5 

6 x lo4 

4 6 x 10 

6 x lo4 
8 x lo4 
8 x lo4 
8 x lo4 
6 x lo4 

4 8 x 10 

8 x lo4 
8 x lo4 

Thermal L i f e t i m e  i n  
Atmosphere (sec) 

5 x l o l l  

4 lo3 
5 x l o l l  
2 

4 lo3 
2 x 10l2 

1 

8 x lo6 
8 x lo7 
4 lo7 
8 x lo lo  
2 x lo8 
4 lo7 
8 x lo7 
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of these will follow trajectories that intersect the surface in 
the far field. Each collision with the surface will give a ther- 
malized distribution of velocities; the more energetic particles 
will escape from the moon. The lifetime of each gas in the lunar 
atmosphere for a Maxwellian velocity distribution at 400% is given 
in Table 19. A more general discussion of loss mechanisms is found 
in Sec. 1V.E of this report. 

b. Desorption by Solar Wind Sputtering and Micrometeoroid 
Impact: Sputtering of the lunar surface by protons 

and alpha particles in the solar wind can modify the picture con- 
siderably. 
with velocities in excess of the escape velocity. Some sputtered 
atoms will escape from the moon, but many will be driven in the 
direction of motion of the incoming particle, into holes and 
crevices to be readsorbed, and perhaps later resputtered. 

Light atoms adsorbed on the surface will be driven off 

The sputtering yield in atoms per proton depends on the atomic 
weight of the sputtered atom. 
that the yield for oxygen is 0.05 or 0.1 per proton. This yield 
would also hold for C and N atoms, and probably for H. Thus, 
atoms and molecules adsorbed on the surface might have a higher 
escape rate f om the moon than those not adsorbed. 
area of 
does not consider the microscopic roughness or the area of the 
pore. 

It is estimated (Refs. 32 and 33) 

A surface 
1 cm5 would be cleared in several years. However, this 

Outgassing by micrometeoroid impact is estimated to be, very 
roughly, as effective as outgassing by sputtering (Ref. 33). 
This outgassing depends on desorption by heating of the surface. 
The released material will have thermal velocities corresponding 
to the temperatures of the heated surface, which may or may not 
exceed the escape velocity. 

4 .  Conclusions 

The chief contaminants of the lunar surface would be OH, 
which have relatively high concentrations in the 

H, co2, OH, H20, H2, CO, and 

H 0, and N2, 
I,& exhaust, and practically infinite thermal lifetimes for 
chemisorption, even at the lunar day temperature. 
ature of dark unheated crevices, 
N2 have both long thermal lifetimes and high concentrations. 

At the temper- 

Desorbed molecules would impact the surface outside the 
near field, and spread around the moon in a relatively short time. 
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All species have solar wind sputtering, photon absorption, and 
micrometeorite outgassing as significant desorption mechanisms 
that would clear the exposed surfaces in a time estimated at 
several years. This does not include pores inside the fairy 
castle structure that might have adsorbed surface gases, but 
would not receive the direct solar wind. 
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G. Calculation of Sticking Probabi l i t i es  [L. Aronowitz ] 

1. General 

The probabi l i ty ,  S, of an impacting molecule s t ick ing  t o  
the  lunar surface w a s  calculated using methods developed i n  the  
Research Department of G r u m n  under a contract  with the  F lu id  
Physics Branch, Research Division, Office of Advanced Research 
and Technology, NASA HQ. In t h a t  study, a machine program w a s  

c l a s s i c a l  t r a j e c t o r i e s  of gas molecules d i rec ted  a t  a c r y s t a l  l a t -  
t i c e  tha t  is represented by a set of harmonic o s c i l l a t o r s  which 
are point centers  of po ten t i a l  (a Lennard-Jones 6-12 poten t ia l )  
A de ta i led  discussion of the  study can be found i n  Ref. 4 .  The 
study allows examination of chemisorption i n  which the binding 
energies are of the  order of 
t i o n  with energies i n  the  neighborhood of 0.1 ev (cf. Sec. VI11 
of Ref. 1). 

developed which allows the  ca lcu la t ion  of t he  th ree  dimensional I 

1-10 ev and a l s o  physical adsorp- 

2. Formulation and Results 

The value of S f o r  a molecule making a s ing le  impact with 
the  surface i s  S = 1 - R where R i s  the  probabi l i ty  f o r  t he  
molecule-rebounding from the  surface.  The value of R i s  given 
by (Ref. 4 )  

-2 .. 

is the  mass of t he  impinging gas molecule. The quant i ty  
dBermined from 

E 
2 ’  A =  

COS ei  
(83) 

where E i s  the energy w i t h  wh ich  t h e  molecule i s  
bound t o  the surface, 
ve loc i ty  and the normal t o  the  surface,  and 
k ine t i c  energy of the molecule. 
from the expressions 

8 1  i s  t h e  angle between the  incident  

me value of p$/(2m ) 
E i  i s  the  incident  

i s  found 
g 



-9 

- -  2 p; - 0.5 cos e i ( l  + A ) ( 1  - ap)( l  - e 2m 
g 

and 

(84) 

where 

and 

i s  the  mass of a l a t t i c e  atom. mA 

The value of exp[-a(una/V.)] was taken t o  be 0.85 on the  bas i s  
of information on Debye frequencies fo r  silicates supplied by 
Arthur D. L i t t l e ,  Inc. To calculate  the  values of P, a lunar 
surface composition, s i m i l a r  t o  t h a t  of ce r t a in  meteorites w a s  
selected.  The composition is  shown i n  Table 13. The values of R 
f o r  each incident  species of exhaus t  gas molecule w e r e  calculated 
f o r  each species of surface atom and then the  r e s u l t s  w e r e  aver- 
aged over the d i s t r ibu t ion  of atoms given i n  Table 13. 

1 

Values of R were calculated f o r  f a r  f i e l d  molecules t h a t  
corresponding t o  a ve loc i ty  of t h e  were assumed t o  have an 

order of 3D00m/sec and an average value of 8 i  = 45'. L i t t l e  re- 
l i a b l e  data  exist on the  value of E t o  be used fo r  these species 
under lunar  environmental conditions. Values of E were taken 
from a v a r i e t y  of sca t te red  sources. In  general, it w a s  attempted 
t o  f i n d  a representat ive value of E f o r  both physical adsorption 
and chemical adsorption on a s i l i c a t e  surface.  The values of E 
used and the  corresponding R values are shown i n  Table 20. No 
grea t  r e l i a b i l i t y  can be claimed for  these values. 
mental adsorption and desorption data f o r  s inulated lunar conditions 
are urgent ly  needed. 

E i  

Better experi-  

I f  the  lunar  surface is smooth, then S would simply be equal 
t o  1 - R. 
evidence, it is  more l i k e l y  t h a t  the surface i s  extremely rough on 
a sca l e  of a few centimeters or  less .  
f o r  a rough surface than fo r  a smooth surface. 
surface a molecule t h a t  rebounds from the  w a l l  of a cavitv i n  the 

However, as shown by the Luna 9 photographs and other  

The value of S i s  higher 
On a rough 

- -z --- ---- - -. . 
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Mo 1 ecu 1 e 

H 

H2° 
co 

c02 

N2 
NO 

0 

O2 
OH 

Table 20 

PARAMETERS FOR EXHAUST MOLECULES 

Phys . 
.039 

. loo  

.600 

.300 

400 

,200 

. d i l  

.250 

.200 

.390 

Chem. 

.goo 

1.00 

2.60 

1.00 

1.00 

2.00 

6.48 

3.50 

2.00 

4.40 

Phys . 
.215 

.163 

.254 

.762 

.917 

1.00 

* 139 

.528 

.129 

.061 

R S 

Chem. 

.007 

.0146 

.0489 

.225 

.362 

. lo1  

.030 

.030 

.127 

.026 

Phys . 
.880 

.912 

.a55 

.384 

.917 

0 

.139 

.641 

.932 

.969 

&em. 

.997 

.993 

.975 

.a74 

.362 

.941 

.030 

.985 

.933 

.987 

surface will have a substantial probability of striking another 
wall of the cavity before escaping from the surface. Therefore, 
each impacting molecule will have to rebound several times on the 
average before escaping from the surface, greatly increasing its 
probability of capture. 

To illustrate this increase in S with roughness, consider a 
two dimensional example. Consider the surface to be made of rec- 
tangular corrugations each of width y and depth h as shown in 
Fig. 67. 
the same velocity is incident on the surface. The molecular flux 
is uniform and constant. The value of the flux is Io molecules 
per unit area per unit time measured in a plane at right angles 
to the molecular velocity. The velocity makes an angle Qi with 

Assume that a parallel beam of molecules all moving with 
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Surface 

IoyR s i n  ei ei cot  ei - f?n(sin ei) 

Fig. 67 Two Dimensional Corrugated Surface 

t h e  normal. 
s ide  of a corrugation (side 1) i s  given by Io s i n  6 i .  Assume 
t h a t  f r ac t ion  R of these molecules is re f lec ted .  Assume that 
a l l  t he  r e f l ec t ed  molecules have the same speed, but that t h e i r  
d i r ec t ions  are uniformly d is t r ibu ted  over an angle T. Let 
dIr(1)  = RIo s i n  8 i  dz be the  number of molecules p e r  u n i t  t i m e  
t h a t  are r e f l ec t ed  from an element of s ide  1 of the corrugation. 
The element i s  a t  depth z below the  surface and has width dz 
(see Fig.  68). Let dI(1) be the number of molecules per  un i t  
t i m e  r e f l e c t e d  f r o m  dz t h a t  escape from the  corrugation without 
making any fur ther  co l l i s ions  w i t h  t he  walls. 

In  Fig. 67 the  f lux  of p a r t i c l e s  incident on the  lef t  

Then 

where a = arc tan  (y/z). 
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Side 1 

Fig. 68 Corrugation 8, < o i  < 

If 0 < @i < 80, 
the  bottom of the corrugation. 
from an element dx of t he  bottom (see Fig. 69) i s  

then some of the  incident molecules strike 
The number of molecules r e f l e c t e d  

= I ~ R  COS ei dx - dx dlrB 

For  the  bottom, the  number of molecules where 
r e f l e c t e d  from dx t h a t  strike s i d e  1 i s  

i' IrB - IoR cos 8 

and the  number of molecules from dx s t r i k i n g  s ide  2 i s  

d1rBY2 
dIB2 = 7- 

where y1 - arcot  (x/h) and 

= a rco t  (7) . y2 



Side 1 Side 2 

EA dx 

Fig. 69 Corrugation: 0 < Qi < eo 

The number of molecules dI(B) r e f l ec t ed  from dx per  unit 
t i m e  t h a t  escape from the corrugation without fur ther  co l l i s ions  
i s  given by 

Integrat ion yields  

d x ,  
71 + '2) 

= (1 - T 

0 

where XO = y - h tan  8 i  (see Fig.69) .  Using the  standard 
expression 

n 

t he  expression f o r  I (B)  may be integrated.  
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When 0 < e i  < eo, the  number of molecules escaping from the  
corrugation after having made only a s ingle  c o l l i s i o n  i s  given by 
the  sum of those which escape from s i d e  1 and from the  bottom 
a f t e r  only a s ingle  co l l i s ion .  The number making only a s ing le  
c o l l i s i o n  with s ide  1 i s  obtained by s e t t i n g  Qi = 8 ,  i n  Eq. (86) 
The number of those escaping a f t e r  only a s ing le  c o l l i s i o n  with 
the  bottom is  found from Eq. (87). 

[I + tan2e 0 -  

The r a t e  a t  which molecules en ter  the  corrugation i s  

1-1 + ( tan eo - t an  ei12] 

I ~ Y  COS e i (89) 

The fract ion,  F, of molecules enter ing the corrugation t h a t  
escape a f t e r  only a s ing le  c o l l i s i o n  can be found fo r  the  case 
where eo < e i  < 7r/2 from the  r a t i o  of Eq. (86) t o  Eq. (89). 
The value of F f o r  0 < e i  < 8 ,  i s  found from the  r a t i o  of the 
sum of Eq. (86) with 8 i  = 8 ,  and Eq. (87) t o  Eq. (89). Using 
Eq. (88) 
ing value for  F: 

t o  evaluate the in t eg ra l  i n  Eq. (87) y ie lds  the  follow- 

F = E [e - t an  e an(sin ei)]  
n i  i 

and f o r  0 < ei < eo 

F = E Jtan e .  ( e  cot  eo - an s i n  e r l  1 0  0 

-1 e - t an  ei)-(tan e o -  t an  ei) c o t  ( tan e o -  t a n 8  
0 i 

L 

1 
2 1 + t an  e, 

0 - Q i  tan ei + eo tan  e 
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Table2lshows values of F/R from Eq. (90) and Eq. (91) 
i f o r  various values of eo and 8 

zable 21 

_VALUES OF F/R 

0 
e 

0" 

30" 

60 O 

i e 

30" 
4 5 O  
60" 
90 O 

30 O 

45 O 

60 O 

90 O 

30 O 

60" 
90 O 

.29 

36 
-41 
50 

.29 

36 
.41 
50 

.15 

.41 
50 

90 O 0 < ei < n/2 1 .oo 
(smooth surface) 

Table21makes it evident tha t  a considerable f rac t ion  of 
molecules make mul t ip l e  co l l i s ions  with a rough surface before 
escaping 

As a rough approximation assume tha t ,  on the  average, half  
t he  molecules a t  a rebound w i l l  escape from the  lunar surface 
while t h e  remaining half  make a t  least one fur ther  co l l i s ion .  
Using t h i s  assumption the number escaping from the  surface is 

00 
2 3 

2 + 2 2  (3 + f (3 + 9 (3 + ... = 1 (3" 



and 
W 1 

n 
S = l -  (3 . 

n=O 

The series f o r  S can be evaluated, s ince R/2 < 1, yielding I 

1 - R  
= 1 - (R/2) 

The values of S i n  Table 20 were calculated using Eq. (92) .  I 

In  deriving Eq. (92) it was assumed t h a t  R remains constant.  1 
This i s  probably not the  case. A t  each co l l i s ion  with the  w a l l  a I 

molecule w i l l  exchange energy with the  w a l l  and "accommodate" i t s  
k ine t i c  energy t o  t h a t  representat ive of the  temperature of the 
surface.  This results i n  a decrease of R with each c o l l i s i o n  
and a somewhat la rger  value of S than predicted by Eq. (92) .  
While the  equation could be modified t o  take account of accormno- 
dation such a refinement i s  scarcely j u s t i f i a b l e .  
S i s  a sens i t ive  function of E (cf.  Table 20) .  Since so  l i t t l e  
i s  known about values of E f o r  molecular in te rac t ions  with lunar  
surface materials,  the  values of S i n  Table 20 are only rough 
order of magnitude estimates. A s  previously noted, r e l i a b l e  experi- 
mental data on adsorption and desorption under simulated lunar en- 

1 

1 

I 
The value of 

~ 

1 
1 vironmental conditions i s  urgently needed. 

Since ex is t ing  data  on adsorption under lunar  environmental con- 
d i t i ons  do not  pennit  accurate  ca lcu la t ions  of R, 
t o  determine S h a s  l i t t l e  p r a c t i c a l  advantage over t h e  simpler ex- 
pression S = 1 - R. However t h e  der iva t ion  of Eq. (92) i s  of i n t e r -  
es t  i n  another connection. The  methods used i n  der iving Eq. (92) can 
be used t o  f ind  t h e  d i s t r ibu t ion  of t h e  f l u x  of molecules t o  s ides  1 
and 2. 
sorbed on t h e  walls of t h e  corrugation as a function of dis tance be- 
low t h e  surface can be determined. T h i s  d i s t r i b u t i o n  gives  an es t i -  
mate of the depth below t h e  surface t o  w h i c h  f a r  f i e l d  contamination 
w i l l  penetrate  i n t o  a porous lunar  surface.  

t h e  use of Eq. (92) 

By extending the method, the d i s t r i b u t i o n  of molecules ad- 

Values of S f o r  t h e  t en  molecular species  i n  Table 20 were 
a l s o  calculated f o r  incident  molecular k i n e t i c  energies  correspond= 
ing t o  a temperature 
These  values were used i n  t h e  ca l cu la t ion  of atmospheric contami- 
nat ion i n  Sec. 1V.E of t h i s  report .  

T = 300'K. Resul ts  are  shown i n  Table 22. 

It should be remarked that 
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the use of Eqs. ( 83), (84 ) and (85 ) in calculating 
cules in this  range of kinetic energy w i l l  give less accurate re- 
sults  than their use for the energies in Table 20 (see R e f .  4). 

S for mole- 

Table 22 -- 
VALUES OF S FOR T = 300'K 

Molecule S 

Phys . Chem. 

H2 .974 .978 

H2° .996 .999 

.988 .989 N2 
co .992 .998 

co2 .994 .998 

.988 .999 O2 
NO .992 1.00 

OH .994 .999 

H .  .943 .997 

0 .990 .999 
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H. Thermal Effects  of the L E M  Descent Engine [A. Wechsler] 

1. General 

The objectives of the thermal analysis  ca r r i ed  out a t  Arthur D. 
L i t t l e ,  Inc., are t o  determine the temperature d i s t r ibu t ion  on the 
lunar surface and within the  shallow subsurface i n  the  v i c i n i t y  of 
the  L E M  during and after i t s  descent. The thermal e f f e c t s  of the  
L E M  descent engine are of s ignif icance t o  the study of contamina- 
t i o n  of the  lunar surface fo r  several  reasons: 

0 

0 

0 

0 

We 

The r e a c t i v i t y  of the surface materials m y  change if 
they are heated t o  s u f f i c i e n t l y  high temperatures. 

The absorption and desorption of exhaust gases on the  
surface and subsurface layers  w i l l  be a f fec ted  by the  
temperatures reached and the  t i m e  a t  which elevated 
temperatures are a t ta ined .  

The sa fe ty  of the  astronaut  may depend upon how rapid ly  
t h e  surface temperatures i n  the  immediate v i c i n i t y  of 
the LEM re tu rn  t o  t h e i r  predescent values. 

The thermal h i s t o r y  of any lunar surface o r  subsurface 
samples gathered by the  astronaut  from the  v i c i n i t y  of 
the LEM should be known. 

have assessed the  perturbances i n  the  normal thermal behavior 
of several types of lunar surface materials caused by the heat ing of 
the L E M  descent engine. 

2 .  Methods of Analysis 

Two approaches w e r e  used i n  ascer ta in ing  the  thermal effects 
of the  LEM descent - (1) computer ca lcu la t ions  using several lunar 
models t o  determine i n  d e t a i l  t he  v a r i a t i o n  of surface and subsurface 
temperatures with t i m e ,  depth, and d is tance  from the  LEM and (2) 
s i m p l i f i e d  analyses t o  determine maximum temperatures of t h e  sur- 
face and the an t ic ipa ted  depth of penetrat ion of the  t r a n s i e n t  hea t  
wave. 

a. Computer Calculations: W e  have used a computer program, 
o r ig ina l ly  developed f o r  NASA by m. Ingrao 's  group a t  Harvard Mi= 
vers i ty .  The bas ic  approach used, and t h e  d e t a i l s  of t he  numerical 
technique a r e  given i n  Refs. 34 and 35. 
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In  the  basic  approach given by Ref. 35, the  hea t  conduction 
equation takes the form: 

where 

X 

T = absolute temperature 

P = densi ty  of mater ia l  

c(x, t )  = heat  capaci ty  (function of depth and 

= depth beneath the  surface 

temperature) 

k(x,T) = thermal conductivity (function of depth and 

Q(x,e) = source t e r m  (usually taken as zero) 

e = t i m e  

temperature) 

The surface medium i s  divided in to  six layers,  each consis t -  
ing of an a r b i t r a r y  number of sublayers or  depth integrat ion s t e p s .  
Three models of the surface were considered i n  the o r ig ina l  pro- 
gram; temperature-independent properties,  l i nea r  temperature- 
dependent proper t ies ,  and conductivity with a rad ia t ion  contribu- 
t ion .  
f i n i t e  difference form using forward and cent ra l  differences.  
Equations are wr i t ten  for  the boundary between two layers  and f o r  
the  surface.  The sets of difference equations are solved t o  pro- 
v ide  t h e  surface temperature d is t r ibu t ion  during lunations and 
ec l ipses .  

The hea t  conductivity equation i s  wr i t ten  f o r  each layer i n  

The or ig ina l  program w a s  modified and rewr i t ten  (Ref. 36) fo r  
several reasons : 

The logica l  design of the ex is t ing  program w a s  such 
t h a t  the important computations w e r e  not l og ica l ly  
i so l a t ed  f r o m  the  input, output, and control  steps. 

p l i c i t l y  wherever needed instead of being i so la ted  
i n  a subroutine. 

The thermal models of the lunar material w e r e  sub- 
s t i t u t e d  ana ly t ica l ly  i n  the  hea t  flow equation 
before the difference equation w a s  derived, making 
it impossible t o  change models without recoding the 
difference equations. 

The fundamental difference equation was coded ex- 

163 



The in tegra t ion  s t e p  s i ze  control  w a s  not as 
useful as w a s  required.  

The modified approach w a s  taken from an analog computing tech- 

and the  thermal propert ies  of each s l i c e  given by the  follow- 
nique. Each layer li was made up of n i  slices of thickness 
Axi, 
ing model: 

- U 
0 

U + U 

t T 

and Ci = p.c axi; U r e p r e s e n t s  t he  tempera- 1 
I-- 

l i  where Ri k 

t u re  and k i , P i , c i  are the  thermal conductivity, density,  and spec i f i c  
heat i n  the i t h  layer .  Assuming t h a t  k i ,p i ,  and c i  are con- 
s t an t  over an in tegra t ion  s t ep ,  the  above network i s  described by: 

i 

0 
u+ - u u- - u + 0 

I 

‘iUo Ri Ri 
. 

These equations form a set of simultaneous f i r s t  order d i f -  
f e r e n t i a l  equations t h a t  may be solved. 
cp i s  forced t o  s a t i s f y  the  inequal i ty  cp < a R i C i ,  where a i s  an 
input parameter less than 1. 
f i e d  by a constant temperature cons t r a in t .  
condition i s  maintained by an i terative so lu t ion  t o  the surface 
boundary constraint ,  namely 

The in tegra t ion  s t e p  s i z e  

The lower bozndary condition i s  speci- 
The surface boundary 
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where qin(Us) i s  the t o t a l  f lux i n t o  the  surface from the  LEM 
exhaust plus the absorbed so lar  radiat ion minus the re rad ia t ion  
t o  space, and qf(Us) i s  the heat f l ux  conducted in to  the  sur- 
face.  The equation i s  solved fo r  Us by an iterative technique 
similar t o  Newton's method t h a t  uses f i r s t  differences t o  approxi- 
mate derivat ives .  

Because of the  na ture  of t h i s  approach, there  is  no need f o r  
special  considerations a t  the  in te r layer  boundaries. 
estimate of the  i n i t i a l  temperature is  made, and the system i s  
relaxed over a t  least one lunation p r io r  t o  solving the problem 
with the  LEM heat  f l ux  parameters. 
of the  surface and subsurface layers  i s  then found. 
ters required a r e  discussed i n  Sec. C. 
be specif ied i n  the form: 

A f i r s t  

I 
The temperature d i s t r ibu t ion  

Input parame- 
The thermal propert ies  may 

P = Po 

c = c + clT 
0 

k = ko + klT + k2TL + k3TJ 

f o r  each of up t o  20 layers .  

b, Simplified Analyses: To estimate the  m a x i m u m  temperatures 
of the  lunar surface and subsurface, a s implif ied tcaiysis nay be 
used and the r e s u l t s  compared t o  more rigorous calculat ions.  The 
maxinarm surface temperature t h a t  can be a t ta ined  may be calculated 
assuming no conduction in to  the lunar surface.  The boundary equa- 
t i o n  f o r  the surface then becomes: 

+ 1(1 - As) = QLEM 4 , 
where bM represents  the  heat  flow from the LEM exhaust, I i s  
the  s o l a r  incidence, As is  the albedo of t he  moon, is  the 
emittance of the  lunar surface and Ts is  the surface temperature. 

The m a x i n u m  temperature excursion produced by the LEM exhaust 
a t  var ious depths i n  the  subsurface may be found by several  approxi- 
mate methods. 
surface.  I f  a l l  of the heat  from the  LEM t h a t  reaches the surface 
during the descent flows i n t o  the surface and i s  contained i n  a 

Certainly it w i l l  be lower than the  maximum a t  the 
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skin of depth Si, 
allowed t o  flow in to  the  surface, but not t o  space, the temperature 
may be found (as a function of depth) i n  ana ly t i ca l  form. 
method i s  used, fo r  example, when a f l a t  sheet of molten rock i s  
intruded into another rock a t  a constant temperature. A more ap-  
propriate  solution may be obtained as follows: 
subsurface mater ia l  p r i o r  t o  the LEM descent i s  a t  constant t e m -  
perature.  
QLEM per un i t  a rea  for  t i m e  z. A t  t i m e  z, the  heat  supply 
ceases and the surface x = 0 i s  thermallyinsulated.  The t e m -  
perature  a t  t i m e  8 ,  f o r  8 > z i s  (Ref. 22): 

and a f te r  the end of the  descent t h i s  heat  i s  

This 

Assume tha t  the  

Heat i s  supplied a t  the surface a t  a constant rate 

where a is the thermal d i f f u s i v i t y  (klpc) of the surface layer .  
This expression would overestimate the temperature because the  
surface i s  assumed t o  be insulated.  Furthermore, a l l  of the f lux  
from the LEM does not go in to  the  surface.  This may be p a r t i a l l y  
considered by using an average value heat  f l ux  i n  the  calculat ions,  
r a the r  than the maximum value of the  f lux .  

3 .  Input Data 

a .  Lunar Models: A recent review of the aspects of t he  lunar 
environment and the  probable nature  of the  lunar surface has been 
given by Glaser (Ref. 3 7 ) .  Recent invest igat ions point t o  a surface 
material similar t o  a consolidated powder or ves icu lar  rock. The 
very recent f indings of Luna 9 seem t o  support these conclusions. 
Rather than s e l e c t  a pa r t i cu la r  lunar surface modek, w e  have chosen 
several  possible models as representat ive of those which may be 
found i n  various lunar locat ions.  They are: 

1) Homogeneous dust model 
2) Homogeneous ves icu lar  rock 

3) Homogeneous s o l i d  rock 

4) Par t i cu la t e  surface l a y e r  - ves icu lar  rock subs t ra te  

5) Pa r t i cu la t e  surface l a y e r  - s o l i d  rock subs t r a t e  

6) Vesicular rock surface l a y e r  - s o l i d  rock subs t ra te  
7) Par t icu la te  surface layer  - rubble subs t r a t e  

8) Homogeneous rubble.  
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The thickness of layers  4 ,  5, and 6 w a s  chosen on the  bas i s  
of ea r ly  calculat ional  r e s u l t s  indicat ing the  depth of penetrat ion 
of the thermal perturbation in to  the  homogeneous layer .  

b. Thermal Parameters of Lunar Materials: The thermal prop- 
erties of possible  lunar materials i n  vacuum have been summarized 
by Wechsler and Glaser (Ref. 38). Based upon these data, and more 
recent  unpublished data on powdered materials a t  low temperatures 
(Ref. 39), w e  have chosen the following values fo r  the  important 
lunar surface properties:  

Table 23 

VALUES OF LUNAR THERMAL PARAMETERS 

Material Density Specif ic  Heat Thermal Conductivity 

Pa r t i cu la t e  1.1 0.502 + 7 . 4  x 10°4T 4.6 x loo6 + 3.05 x 10 -13T3 
(j oules/gm OK (watt/cm OK) 3 

(gm/cm 1 

Vesicular 
Rock 0 . 9  0.502 + 7 .4  x 10°4T 

Solid Rock 2.6 0.502 + 7 . 4  I O - ~ T  0.020 + 1.0 10.5~ 

Rubble 

c. Landing S i t e  and Time: It has been usual ly  accepted t h a t  
t he  LEM w i l l  land within 25' of the equator. For purposes of 
es t imat ing the  incident so la r  flux, w e  have assumed t h a t  it w i l l  
land on the  equator. The exact posi t ion (longitude) i s  not  yet 
specif ied.  
ever, the  t i m e  r e l a t i v e  t o  the terminator mst be specif ied.  W e  
have used the  information provided by Grumman Aircraf t  Engineering 
Corporation and assumed t h a t  the LEM landing w i l l  be a t  a longi- 
tude of 45" with respect  t o  the terminator. 

The value may be taken as an a r b i t r a r y  posi t ion;  how- 

d. LEM Trajectory: When the LEM is  i n  the hover posit ion,  
the  hea t  t r ans fe r  from the exhaust gas t o  the surface has a m a x i m m  
value s i g n i f i c a n t l y  less than 0.3 wattlcm2. The heat ing of the 
surface,  even under assumed steady state conditions, would be 
nominal. We have therefore  r e s t r i c t e d  our a t ten t ion  t o  the  local- 
ized hea t ing  produced during descent. The LEM a l t i t u d e  t r a j ec to ry  
t h a t  was  t he  most ser ious fo r  surface heat ing (ver t ica l  descent) 
was  suppl ied by Grumman. 
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e. Heat Flux from LEM t o  Surface: The heat  f l ux  from the  L E M  
exhaust t o  the  surface i s  the  sum of a convective f lux  and a radia-  
t ive f lux .  Data on the  convective f lux  as a function of t i m e  from 
the s t a r t  of the  descent and distance from the L E M  landing s i te  
(assuming v e r t i c a l  descent) w e r e  provided by G r u m n .  The convec- 
t ive hea t  f l ux  t o  the surface w a s  given i n  the  form: 

where h is  a tabulated function of t i m e  and distance,  Tg i s  
the e f f ec t ive  (or t o t a l )  exhaust gas temperature, and Ts i s  
the lunar  surface temperature. The input data  f o r  the  convective 
coef f ic ien t  h were obtained from in t e rna l  Grumman calculat ions.  
Because h i t s e l f  i s  a function of the surface temperature, the 
values used are not exact f o r  each lunar surface model w e  have 
chosen. Nevertheless, these were the  most accurate da ta  ava i l -  
able .  

The rad ia t ion  from the  LEM exhaust nozzle (and exhaust cavity) 
t o  the  surface may be expressed by the equation: 

4 %ad = uFNS E T  N N ' 

where FNS i s  
surface "sees" 

the "v iew fac tor"  by which the  element of lunar 
the  nozzle, and i s  given by: 

1 
FNS z 

(d - %)(d + RN> + H2 
1 -  .- - - 

n n n 

H is  the  LEM elevation, d i s  t h e  r a d i a l  d i s tance  of the surface 
element from the landing site, RN i s  the  nozzle e x i t  radius,  EN 
is  the  nozzle emittance (0.9) and i s  the  constant nozzle t e m -  
perature.  

TN 

The t o t a l  f l ux  from the  LEM i s  given as 

1 

I 



f .  Radiation from the  Lunar Surface t o  Space: It has pre-  
viously been mentioned t h a t  the lunar surface r ad ia t e s  t o  space. 
The surface material under the  LEM is  covered i n  p a r t  by a sh ie ld  
behind the LEM exhaust nozzle. Thus, the surface elements near 
the  landing si te "see" both space and the  exhaust shield.  In an 
attempt t o  consider the  portion covered by the  shield,  and a l s o  
the  f a c t  t h a t  s ign i f icant  heat  may be re f lec ted  by the s h i e l d  t o  
the surface,  w e  have chosen the following equation f o r  the flux 
emitted by the  lunar surface during and a f t e r  t he  LEM descent: 

Fss = 2 

4 
Fss)Ts ' = m ( l  - Qsurf rad  

- 

- J [ (d  + R S ) 2 +  (H+2.45O)*][(doR S )2 + (H+ 2.450)2] I (d - Rs)(d + R ) + (H + 2.450)2 
S 1 -  

where eS = the  surface emittance, and Fss is  the  viewfactor of 
the  rocket nozzle sh ie ld  given by: 
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4. Results of Analyses 

a. Results of Simplified Analyses: Table 24 shows maxinum 
possible surface temperatures for several distances from the LEM 
landing site. In these calculations, the surface temperature, in 
the absence of the LEM, would be 362 OK. It can be seen that 
for distances greater than 10 feet, the temperature perturbation 
produced by the landing is small. 
values of the maximum surface temperature as calculated by a 
Grumman computer program in which heat flow into a dust surface 
was assumed. In these calculations, the surface temperature in 
the absence of the LEM was 387 "JC 
the calculations). 

Also shown in Table 24 are 

(the subsolar point was used in 

Zable 24 

MAXIMUM LUNAR SURFACE TEMPERATURES (OK) DURING LEM DESCENT 

Distance from LEM Site (ft) 

Maximum 
Surface 
Temperatures 

0 5 10 20 56 100 

1839 898 649 513 407 368 

Maximum 
Surf ace 1572 875 574 442 394 387 
Temperatures 
(Calculated by 
Grumman) 

Except for large distances from the LEM landing site, where 
heating by the exhaust is negligible, the surface temperature esti- 
mated from our simplified analysis is higher than that obtained 
from more rigorous analyses which include conduction heat transfer 
into the surface material. 

We have estimated the subsurface temperatures after the descent 
of the LEM using the analytical model described above. 
shows several important factors which will also be observed in the 
computer results : 

Equation (96) 



1) The rise i n  temperature above the i n i t i a l  value 
a t  any depth w i l l  be d i r e c t l y  proportional t o  
the assumed average LEM heat f lux.  

I 

2) For constant values of thermal d i f f u s i v i t y  and 
t i m e ,  the temperature rise a t  any depth w i l l  be 
inversely proportional t o  the  thermal conduc- 
t i v i t y  of the material. 

3) A t  the  surface (x = 0) the  temperature rise 
w i l l  decrease continuously a f t e r  the LEMheat 
f lux  i s  terminated. 

The average value of the LEM heat f lux  a t  various distances 
from the landing si te w e r e  obtained from the following equation: 

= I ‘h(t)(Tg - T ) + creNT#Ns(t)l 4 1 d t  
QLEM# average 7 1 S 

I 

(97) 

where h ( t )  and F ( t )  are the convective heat t ransfer  coeff i -  
c i en t  and nozzle view factors ,  and vary with t i m e  ( t )  and d is -  
tance from the landing si te in  t h e  manner given by Table 25. Ts 
w a s  assumed t o  be zero, and EN t o  be 0.9, and T i s  the t i m e  
of descent. Values of the average W h e a t  f lux for  various dis-  
tances from the  landing site a r e  given below: 

NS 

Table 25 

JIEAT FLUX TO THE LUNAR SURFACE 

(QLEM, average) d = d  
d = O  Ratio of QLEM averape Distance (d) from 

Landing S i t e  ( w a t t  / cm2) ‘QLEM, average) 
f t .  
0 
5 

10 
20 
50 
100 

3.85 
1.38 
0.63 
0.24 
0.15 
0.0022 

1 
0.36 
0.16 
0.062 
0.039 
0.00057 



We have calculated the  subsurface temperature d i s t r ibu t ion  
given by Eq. (108) fo r  th ree  models - homogeneous s o l i d  rock, 
homogeneous vesicular  rock, and homogeneous p a r t i c u l a t e  material 
a t  the landing si te.  As explained earlier, subsurface tempera- 
tu res  fo r  other dis tances  from the  landing s i te  may be obtained 
d i r e c t l y  from the appropriate r a t i o s  
given i n  the above tab le .  
the thermal property values given by Table 23, corresponding t o  
a mean temperature of about 300'K. 

d = d/QLEM, d = 0 QLEM' 
In the  calculat ions w e  have assumed 

The resul ts  of the calculat ions are shown i n  Fig.  70. 
temperature r i s e  above the i n i t i a l  temperature i s  p lo t t ed  as a 
function of t i m e  (from the  i n i t i a t i o n  of the descent) f o r  various 
depths within the surface.  Three sets of curves are shown corre- 
sponding t o  so l id  rock, vesicular  rock and p a r t i c u l a t e  material. 

The 

Examination of the f igure  .shows several  s ign i f i can t  r e s u l t s :  

1) The maximum subsurface temperature rise of the  
s o l i d  rock i s  much less than t h a t  of the  ves icu lar  
rock o r  p a r t i c u l a t e  material. 
t u r e  rise i n  the  subsurface material a t  depths of 
1 t o  2 centimeters i s  reached a t  times of 30 t o  
150 seconds a f t e r  the i n i t i a t i o n  of the LEM descent. 

The m a x i m u m  tempera- 

2) The maximum subsurface temperature r ise  of the  
ves icu lar  rock i s  g rea t e r  than t h a t  of t he  s o l i d  
rock, but less than t h a t  of a p a r t i c u l a t e  surface 
material. The maximum temperature r ise i n  the  
subsurface material a t  depths of 1 t o  3 cent i -  
meters i s  a t t a ined  a t  times of 100-1500 seconds 
a f t e r  the i n i t i a t i o n  of t he  LEM touchdown. 

3) The max imum subsurface temperature rise of t he  
p a r t i c u l a t e  material is t he  l a r g e s t  of the  th ree  
models considered. The maximum temperature r ise  
i n  the  subsurface material a t  depths of 0.25 t o  
1 centimeter occurs a t  times of 1000 t o  20,000 
seconds (- 20 min. - 6 hours) a f t e r  t he  i n i t i a -  
t i o n  of the L E M  touchdown. 

4 )  As t he  thermal conductivity (and d i f f u s i v i t y )  of 
the surface material i s  decreased, the  m a x i m u m  
temperature rise a t  shallow f k e d  subsurface 
depths general ly  increases  and the  t i m e  a t  which 
this  maximum rise occurs increases .  For example, 
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a t  a depth of 1.0 cm the maximum temperature 
rise and corresponding t i m e  of the maximum are 
shown in  Table 26. 

Table 26 

MAXIMUM TEMPERATURE RISE AT DEPTH = 1 cm 

Max. Temp. R i s e  Time of Max. R i s e  
("c) ( s e 4  

Sol id  Rock 44 

Vesicular Rock 84 

Par t icu la te  Material 6 4  

< 30 
130 

2 lo4 

In t h i s  case the m a x i m u m  subsurface temperature fo r  the pa r t i cu la t e  
material was not grea te r  than t h a t  fo r  the vesicular  rock because 
of the  long t i m e  required t o  achieve the maximum. 

5) A t  depths grea te r  than 1 cm below the  surface, 
regardless  of i t s  nature,  the  maximum tempera- 
t u r e  r ise a t  the  landing si te caused by the  LEM 
heat  f lux  i s  less than 100°C. A t  d is tances  
grea te r  than 10 f e e t  from the  landing site, 
t h i s  subsurface temperature r ise would probably 
not be more than 15°C. 

These calculat ions demonstrate t h a t  the  temperature excursions 
i n  the  subsurface are qu i t e  small, and the  contamination e f f e c t s  
of these excursions should a l s o  be small. 

Comparison of the r e s u l t s  of the computer program, shown i n  
Table 27 and Fig.  71, with the  ana ly t i ca l  r e s u l t s  using the s i m p l i -  
fying assumptions given in  4.a shows good agreement. Temperature 
t rans ien ts  (during heating and cooling) as obtained from the com- 
puter analyses are more pronounced because of surface rad ia t ion  
cooling, and the use of the ac tua l  LEM hea t  f l ux  r a the r  than an 
assumed average heat  f lux.  Maximum temperatures occur i n  the 
subsurface at  near ly  the same times i n  both ca lcu la t ions  and are 
of the same order of magnitude. For example, a t  t h e  landing si te 
computer r e s u l t s  fo r  the ves icu lar  rock model ind ica te  t h a t  a 
maximum temperature rise of approximately 100°K occurs a t  1 cm 
depth 160 seconds after the  i n i t i a t i o n  of t he  descent.  The s i m p l i -  

174 



T a b l e  27 

MAXIMUM TEMPERATURES (OK) AT SURFACE AND SUBSURFACE LOCATIONS 

MODEL 1 HOMOGENEOUS DUST 

Radia l  1 

Distance Pre-Descent, 
( f t )  0 5 10 20 50 100 Temperature 

Depth (cm)  

0 1640 
(28) 

0 . 1  807 
( 4 6 )  

0.2 539 
( 1 7 0 )  

(1800)  
0.5 383 

1.0 313* 

2.0 262** 

0 

0.2 

0.5 

1.0 

2.0 

5.0 

1490 
( 2 8 )  

718 
( 3 4 )  

437 
( 1 6 0 )  

386 
( 5 5 0 )  

346" 

811  
( 2 2 )  

425 
(90) 

375 
(350) 

342* 

311** 

262** 

573 
( 2 6 )  

446 
( 3 0 )  

394 
( 6 0 )  

369 
( 1 5 0 )  

353 
( 5 0 0 )  

334* 

600 
( 2 1 )  

380 
( 9 0 )  

358 
(350)  

338* 

311** 

262** 

476 
( 1 3 )  

365 
( 1 0 0 )  

354 
( 3 5 0 )  

337" 

311** 

262** 

383 
( 5 )  

358 
( 1 1 0 )  

352 
( 4 0 0 )  

337" 

311** 

262** 

MODEL 2 HOMOGENEOUS VESICULAR ROCK 

383 
(15) 

367 
( 2 3 )  

357 
( 4 4 )  

351 
( 1 3 0 )  

345 
( 4 5 0 )  

332** 

356 
(8) 

353 
(20) 

( 4 4 )  

( 1 3 0 )  

351** 

348** 

344** 

332** 

363 361 
(5) 

356** 356 

352** 352 

336** 336 

311** 310 

262** 261 

353** 
(8) 

352** 
( 1 8 )  

351** 

348** 

344** 

332** 

352 

351 

350 

348 

344 

331 
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Table 27 (Cont.) 
MODEL 3 HOMOGENEOUS SOLID ROCX 

365 
(26) 

315** 
(8) 

315** 
(7) 

(19) 
314** 

314** 

315 

314 

313 

311 

305 

299 

0 

0.4 323 
(27) 

317 
(23) 

314** 
(21) : 1.0 314 

(48) 
313** 
(48) 

312** 2.0 

~ 6.0 

312** 312** 

306** 306** 
(800) 

306f* 306** 306** 

300** I 10.0 300** 
(1800) 

300** 300** 300** 

MODEL 4 PARTICULATE SURFACE LAYER - VESICULAR ROCK SUBSTRATE 
Particulate Layer 0.1 cm thick 

775 600 472 377 
(28) (21) (13) (5) 

(60) (70) (70) (80) 
348 323 316 312** 

320 312 310 309** 
(120) (120) (130) 

(180) (180) (200) 

(300) (300) 

316 310 308** 308** 

311 307** 306** 306** 

0 

~ 0.1 

0.2 

~ 0.5 

, 1.0 
~ 

I 6.0 

357 355 
(3) 

312** 311 

309** 308 

308** 307 

306** 306 

290** 290 291** 291** 291** 290** 

MODEL 5 PARTICULATE SURFACE LAYER - SOLID ROCK SUBSTRATE 
Particulate Layer 0.1 cm thick 

0 

I 
0.1 

I 
0.3 

i 
1 0.5 

350** 349 

259* 257 

251** 250 

251** 250 

250** 2 50 

250** 250 

468 
(13) 

262 
(80) 

(170) 

(180) 

251** 

251** 

250** 

250** 

176 

370 
(5) 

259* 

251** 

251** 

250** 

250** 

i 1.1 



Table 27 (Cont.) 
MODEL 6 VESICULAR ROCK SURFACE LAYER - ROCK SUBSTRATE 

Vesicular Layer 1.25 cm thick 

1435 549 414 354 326 
(28) (26) (22) (15) (7) 

(32) (27) (25) (20) (13) 

(60) (60) (50) (45) (45) 

874 465 384 343 323 

500 361 335 322 315** 

i o  

I 0.1 

1 0.5 

1.25 333 310 306 304** 304** 
(170) (150) (150) (150) 

4.0 308 300** 300** 29W* 299** 
(700) (550) (800) 

8.0 ' 297 294** 294** 294** 294** 
(1700) (1300) 

MODEL 7 HOMOGENEOUS RUBBLE 

323** 
(7) 

321** 
(13) 

315** 

304** 

299** 

294** 

I 
0 1370 506 407 367 349 347** 

(28) (26) (22) (14) (7) (6) 

0 
i 

0.1 

~ 0.2 

346 

345 

344 

341 

336 

320 

MODEL 8 PARTICULATE SURFACE LAYER - RUBBLE SUBSTRATE 
Particulate Layer 0.1 cm thick 

331 295 291** 290** 290** 0.5 
(140) (200) (200) (250) 

(350) (400) (450) 
310 291 289** 289** 289** 1.0 

6.0 274** 273** 273** 273** 273** 
Notes: 

354** 
(3) 

296** 

291** 

290** 

289** 

273** 

322 

321 

314 

30 3 

299 

293 

353 

295 

291 

290 

288 

273 

At depths greater than those indicated, the temperature approaches 230°K 
Values in parentheses are times (in seconds after initiation of descent) at which maximum temperature occurs 

*Temperature rising at end of calculations (2000 sec) 
**Temperature within one degree of predescent temperature at 2000 sec or at maximum temperature 

i 
, 
! 
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f i e d  analyses indicate  a maxinum temperature rise of 8 4 ° C  a t  
1 cm 
Computer calculat ions fo r  the so l id  rock show a maximum tempera- 
ture rise of 1 1 ° C  a t  2 cm depth 180 seconds a f t e r  the i n i t i a -  
t i on  of the descent. In  the  s implif ied analyses, a rise of 14°C 
a f t e r  160 seconds w a s  obtained. Larger differences exist  between 
the  computer calculat ions and the r e s u l t s  of the  s implif ied analy- 
ses fo r  the homogeneous dust layer because of the la rge  var ia t ion  
i n  thermal conductivity with temperature of t h i s  material. A t  
increasing dis tances  from the landing site, there  are s ign i f i can t  
differences i n  the  max imum temperatures obtained from the  com- 
puter  and s implif ied analyses. 
of average flux occurring over t h e  e n t i r e  27.6 second descent 
t i m e  i n  the  s implif ied analyses ra ther  than the t rue  heat  f lux  
pa t te rn  included i n  the  computer analyses.  However, the simpli- 
f i e d  analyses can be used t o  estimate the temperature rise fo r  
conditions other than those used i n  the  computer calculat ions.  

depth 130 seconds a f t e r  the i n i t i a t i o n  of t h e  descent. 

This is  caused by the assumption 

b. Results of Computer Calculations: Maximum temperatures 
a t  and below the surface fo r  the postulated lunar models are shown 
i n  Table 27. 
Values i n  parentheses indicate  the t i m e  from the i n i t i a t i o n  of the 
descent a t  which the  maximum temperatures occur. 
are given, the temperatures w e r e  s t i l l  increasing a t  the end of 
the t i m e  period used f o r  t he  computations (2000 seconds). The 
double a s t e r i s k  indicates:  1) the  maximum temperature reached 
was within one degree of the pre-descent temperature o r  
temperature a f t e r  2000 seconds was wichin one degree of the pre- 
descent value. 
with no indicated times w i l l  be less than those reached a t  the  
preceding depth indicated i n  the tab le .  For example, f o r  a 
homogeneous dust model a t  zero r a d i a l  dis tance from the  LEM land- 
ing site and a t  a depth of a maximum temperature of 
383°K i s  reached 1800 seconds a f t e r  the i n i t i a t i o n  of t he  descent. 
A t  1 cm depth i n  the  same location, the  temperature rises t o  
313°K a f t e r  2000 seconds and continues t o  rise. The maximum 
temperature t h a t  w i l l  be reached a t  
less than 383°K. 

Temperatures pr ior  t o  the LEM descent are a l s o  given. 

Where no times 

2) the  

The maximum temperature reached a t  the  points  

0.5 cm, 

1 cm w i l l  be s ign i f i can t ly  

The r e s u l t s  of t he  computer calculat ions show that fo r  r a d i a l  
d i s tances  grea te r  than 20 f e e t  from the  LEM landing site, the maxi- 
m m  temperature a t ta ined  (for any model) i s  600°K. A t  the  sur- 
face, the h ighes t  temperatures a re  a t ta ined  for  the  p a r t i c u l a t e  
(or dust)  models. A t  depths below 1 centimeter, the maximum 
temperature reached i s  approximately 440°K. A t  1 centimeter depth 
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the  highest  temperatures are reached fo r  the vesicular  model r a the r  
than f o r  the dust model because of the large at tenuat ion of the 
hea t  f lux by the  low thermal conductivity of the dust .  
below 1 centimeter, temperatures during the  LEM landing a r e  com- 
parable t o  the normal temperature var ia t ions a t ta ined  during 
lunations.  
site, the maximum temperature a t  the  surface i s  only about 
higher than the pre-descent temperatures. 

A t  depths 

A t  distances greater  than 50 f e e t  from the  LEM landing 
20°C 

The t i m e  dependence of the temperature for  the various models 
can be inferred from the tab les  and i s  shown f o r  the  homogeneous 
vesicular  model i n  Fig. 71. The s i x  curves represent the tempera- 
ture-time h is tory  in  a homogeneous vesicular  model for  the surface 
and two subsurface locat ions,  a t  5 and 20 f e e t  from the LEM land- 
ing si te.  The f i l l e d  symbols on Ckrves A, C, and E represent  the 
maximum lunation temperature a t ta ined  a t  the surface and a t  depths 
of 0.5 crn and 1 cm for  the model. The surface temperature 
5 feet f rom the  LEM landing s i te  peaks sharply a s  the LEM descends 
and decreases rapidly due t o  rad ia t ion  cooling of the surface.  
temperature r i s e s  t o  i t s  maximum value a t  20 f e e t  from the  landing 
s i te  i n  a horter  t i m e  than a t  5 f e e t  because the maximum heat  f lux  
i s  reached a t  an earlier t i m e .  
var ia t ion  of heat  f lux  with time.) 

The 

(See Sec. 3 f o r  discussion of t h e  

To make the computer calculat ions more representat ive of an 
ac tua l  physical system, we  assumed t h a t  the convective heat  f lux  
ceased immediately when the LEM engine i s  turned of f ,  but t h a t  the 
r ad ia t ive  f lux  from the nozzle decreases exponentially with a 
5 second time constant.  
peratures  near the LEM, i . e . ,  a t  0 and 5 f e e t  r a d i a l  dis tances .  

This a f f e c t s  pr imari ly  the surface t e m -  

The surface temperatures calculated f o r  the layered models are 
similar t o  those calculated f o r  t he  homogeneous models using the  
same surface material layer .  
smaller than those for  the homogeneous models because of the  high 
at tenuat ion fac tor  of the  l o w  thermal conductivity surface layer .  

Subsurface temperature rises are 



I. Sampling for an Indigenous Lunar Ecolopy [ S. Penn] 
1. General 

Sampling for an extraterrestrial ecology, although one of 
the more exciting objectives of lunar exploration, will require 
the most demanding sampling methods. 
organic compounds in lunar material would probably be accepted 
(as were those found in meteorites) by some as sufficient proof 
of life in space. 
sampling methods, this would remain a minority view. One positive 
proof of an indigenous lunar ecology would be the fossilized 
remains of former life. 

The presence of simple 

Unless confidence could be established in the 

The presence of men on the moon and their capacity for con- 
taminating lunar samples by exuding human ecological debris could 
vitiate the quality of all investigations of the indigenous lunar 
ecology. Evidence of a viable lunar ecology may never be com- 
pletely accepted but with a large number of experiments, a level 
of confidence may be established for the data. 

2 .  Principles of Lunar Ecological SamplinFF; 

All lunar exobiological investigations have one thing in 
common, namely obtaining samples of the surface and near surface 
ecology for subsequent investigations. The detection of organic 
U I ~ L L L G ~  iz s i tu  is fiat pressfitly p h m e d  ( ~ e f .  40) .  TIE techiqrre 
for obtaining and preparing the specimens and bringing them to 
the test area is somewhat vague at present. 
ments to be performed and the way in which the data will be 
recorded is largely undetermined. For simplicity, we are con- 
cerned herein only with specimens that will be returned to earth 
for study, hence the astronaut may or may not take the samples, 
but will be called upon to recover and stow them aboard the Apollo 
spacecraft. 
seeking data on terrestrial-like life, relegating the investigation 
of unusual forms (such as silicon rather than carbon based life) 
to future missions. 

--&-Le- 

Similarly the experi- 

We shall also limit our subsequent objective to 

The level of contamination of any specimen, organic or not, 
could be greatly reduced if taken at some depth beneath the lunar 
surface. 
an indigenous ecology even prior to the introduction of the con- 
taminants. 

This in fact may be the most propitious location for 

Unlike the terrestrial ecology where the density of 
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organic material is greatest near the surface, and decreases 
sharply with depth, the lunar environment may preclude this 
arrangement. 
most organisms to survive. Hence, sampling at depth may be 
the only way to obtain an exobiological specimen. 
possible that a number of ecological horizons, corresponding to 
temperature and moisture variations could exist at depth. 
presence of ecological horizons at depth might escape detection 
unless deliberately sampled for. 

A cover of surface material may be essential for 

It is entirely 

The 

With each successive vehicle landing on the moon, the oppor- 
tunity for obtaining an uncontaminated sample of the lunar ecology 
decreases. Sampling is invariably time dependent. Variations 
can be expected in samples to be obtained between the first 
mission and all later ones. 
the first manned landing, significant variations can be expected 
between samples obtained at a single site. These may be due to: 

In fact, within the time span of 

Settlement of eroded material 

Infall of micro-meteoritic material 

Activity of astronauts (mechanical) 

Activity of products of rocket exhaust, T B f  cabin, 
and astronaut leakage (chemical) 

Solar wind bombardment of surface exposed by the 
rocket exhaust. 

Mutation or reduction of organic contaminants 
so that they cannot be distinguished as 
terrestrial in origin. 

Normal thennal changes during the lunar day. 

3 .  Sterilization Technolou 

It is apparent that the degree of confidence that can be 
placed on a sample is directly proportional to the extent to which 
the sampling tools and return containers are free of terrestrial 
life forms. Despite great strides that have been made by the food 
and medical industries, sterilization technology in use today is 
still very inadequate for the purposes of exobiological sampling. 
For very practical reasons, no attempt is ever made to remove all 
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of the viable organisms (Ref. 41) . 
means all, of the the pathogens in our food and drugs may be 
killed with one or more shotgun methods that have been learned 
principally by trial and error. 

Instead, most, though by no 

For the investigation of an extra-terrestrial ecology it 
may not be sufficient to kill organisms by merely reducing them 
to a mass of less complex peptides. Absolute sterilization 
mandates the irreversible reduction of all organic molecules to 
their inorganic components (e.g., C, 02, H20, C02). 
duction techniques are currently in use and have been known for 
some time. 
As most commercial sterilization techniques are less concerned 
with absolute sterility then economy, some factor, such as time 
or temperature is sacrificed. The level of sterility required 
for exoecological sampling equipment must obviously exceed 
commercial standards if any confidence is to be expected in the 
results obtained with them. 

Some re- 

Among these are heat, chemical reagents, and photons. 

The antithesis of sterilization, i.e., the combination of 
inorganic material to form organic like or proto life molecular 
structures, must also be noted. There is abundant evidence to 
conf inn the "spontaneous generation" of possible proto life, 
including sane that are capable of replication (Refs. 42 through 
47). 
might inadvertently be generated from contaminants may not be 
possible without the use of tracers. For the first missions at 
least, the element of time required for the generation of proto 
life may be important. 

The discrimination of indigenous proto life from that which 

4 .  Contamination With Human Ecological Debris 

In addition to the data that have been derived from manned 
earth orbiters, a number of investigators have confined human 
subjects within various controlled environments to obtain phys- 
iological data (Refs. 4 8  through 53) 
of feces have been monitored as well as some nonpathogenic flora 
(Ref. 4 8 ) .  
man's compatibility with his environment, have generally been 
intended to qualify the equipment used to maintain the environment, 
with little or no effort expended to measure the ambient ecology. 
One such investigation, soon to be conducted at Gruaman, will 
seek to qualify the I X M  Environmental Control System by having 
a suited subject perform various tasks in a simulated LEM cabin 
environment. 

In instances, the pathogens 

Deep sea and high altitude simulations establishing 

There are at present no plans to monitor the ambient 
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ecology. 
of the indigenious lunar ecology with human ecological debris 
will be greatly dependent upon knowledge of the nature of the 
human ecology in the space suit and LEM cabin environments. 

It seems evident that an evaluation of the contamination 

On the lunar surface, gasses are expected to leak from a 
number of areas of the suit at an estimated rate of 200 cc per 
minute. Because of the minute size of the leaks, they may be 
regarded as molecular filters, selectively passing gasses and 
some smaller organisms, while screening and thereby concentrating 
the larger ones. 
itself be a problem area worthy of further consideration. 

The consequence of this concentration may in 

Leakage from the LEM cabin may similarly contaminate the 
moon with human ecological debris. For several reasons, this 
source of contamination may be of less significance than that 
exuded by the roving astronaut. In order for the astronaut to 
leave the cabin, it must be depressurized, thereby venting all 
of its atmosphere over much of the area that he will traverse. 
The initial density of organic contaminants will predictably 
diminish with their radial distance from the LEM. 

Following prolonged exposure to the lunar environment, little 
of the original organic materials are likely to retain their 
molecular structure, and their subsequent recognition as the 
inorganic contaminants derived from human ecological debris is 
problematical. The low density of organic contaminants (in 
areas remote from the LEM), their exposure to the lunar reduction 
environment, and the considerable time lapse between the LEM 
depressurization and the final sampling operation, could combine 
to exceed the level of sterilization expected from commercial 
sterilization techniques. By contrast, leakage from the astro- 
naut's suit need travel only negligible distances to contaminate 
grab samples with viable organisms which would then experience 
little direct exposure to the lunar environment before being 
sealed in a sample return container. 

The reduction or sterilization of most viable organic 
material when exposed to the lunar environment is a reasonable 
assumption. Despite the lack of quantitative data, there are 
indications that some organisms can survive the lunar environment 
in a suspended state (Ref. 541,  
some terrestrial organisms to the lunar environment is, in a 
sense, an assumption upon which much of our concern is based. 

The survival and adaptation of 
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5. Characteristics of an Effective Exobiological 
Sampling; System 

It is evident that in the search for an indigenous lunar 
ecology, a sophisticated, fully integrated system is mandatory. 
The object of this report is not as much to select a sampling 
system, as to define some of the parameters for exobiological 
sampling and to suggest some possible tools and techniques that 
may be applicable for the Apollo program. 

Within the framework of the Apollo program the factors 
necessary for exobiological sampling are as follows: 

All surfaces that may be exposed to the sample should 
be totally free of organic material, not merely sterile 
in its ordinary commercial sense. This is equally 
applicable for vacuum rated lubricants which may con- 
tain trace amounts of organic contaminants. As an 
alternative, it may be possible to separate inter- 
action surfaces with a film of soft metal, such as 
with aluminum or gold. 
of such metals in the specimen would be readily 
discernible and effectively inert. 
recommended as a suitable material for sealing lunar 
biological sample return containers (Ref. 4 0 ) .  As 
teflon has an organic molecular structure, its use 
presupposes that it will not degrade i r r  the lunar 
environment. Such a supposition must be carefully 
verified . 

The presence of minute amounts 

Teflon has been 

0 Samples should be taken at depth as well as at the 
surface because of the possibility of an ecology 
developing beneath the protective crust. 

Percent recovery must be noted. Voids or lost material 
may be significant. 

The above parameters are as applicable for a fully automated 
system (i..e., one that would land an instrumented package on the 
moon to obtain, process and store a sample for later recovery) 
as they are for a roving astronaut collecting grab samples. 

Each phase of each lunar landing is expected to be progres- 
sively more deleterious, giving rise to greater quantities of 
organic contaminants and their accumulation. (The exhaust of 
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the descent rocket will contain the least amount of organic 
material, followed by the depressurization of the LEM and leak- 
age of the astronaut's suit, each of which is progressively 
more likely to contain organic contaminants.) In short, the 
opthum sample should be that which is taken at the earliest 
stage in the sequence of operations consistent with engineering 
and payload restrictions. Carried to extremes, this could suggest 
a sampling device that would be dropped from a lunar orbiter. 

All lunar probes, sampling devices, or systems may generally 
be classified in one of four possible concepts (see Fig. 72). 

Concept 1 - Introduced from a Lunar Orbit (Fig. 73) 
Use of a lunar impacter for sampling would, as noted, 
probably be least affected by the contamination 
associated with soft landers, the depressurization 
of the LEM cabin, and leakage from the astronaut's 
suit. 

With an impact velocity of the order of 2 . 5  krn/sec. 
a vehirte that could survive the impact, sample, and 
then emit some s o r t  of signal for its subsequent 
recovery would necessitate an imposing shock absorb- 
ing system. 
greatly altered that the sample could be meaningles?. 
It may be possible to eject a secondary module or 
modules from the vehicle that could obtain samples 
in a less disturbed area near the initial impact. 
With much of the original impact energy absorbed by 
the "mother" vehicle, the sample probes would experi- 
ence only the relatively milder secondary impact. 
The "mother" vehicle could furnish the means for the 
location and subsequent recovery of the smaller probes. 
The Russian Luna 9 is reported to have been ejected 
from a larger (mother) vehicle, which relied upon 
retro rockets to reduce its impact velocity. A lunar 
hard lander that could telemeter data back follow- 
ing its impact, precluding the need for its recovery, 
may be a mission objective worthy of consideration, 
even if independent of the Apollo. 

Even then the impact area might be so 

The use of a soft lander or one which will use retro 
rockets to halt its descent (to some moderate height) 
and then fall to the moon is currently being considered 
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f o r  pos t  Apollo missions. I n  one scheme, a "mother" 
vehicle  would e j e c t  a number of penetrometers and 
hover while re laying back data .  Although the use of 
r e t r o  rockets fo r  a s o f t  o r  semi-soft lander would 
introduce an addi t ional  source of contamination, the 
quant i ty  of contaminant would be l e s s  t h a t  t h a t  
introduced by the LEM. By using retrorockets  t o  
reduce the descent when several hundred o r  thousand 
f e e t  above the moon, r a the r  than stopping it when a 
few f e e t  from the surface (required f o r  the LEN), 
considerably less, i f  any, of the contaminant would 
ul t imately appear i n  the sample. 

T h a t  the  l e v e l  of contamination t o  be expected would 
be smaller with devices introduced from a lunar o r b i t e r  
i s  p a r t i a l l y  o f f s e t  by its inherent degree of complexity, 
pa r t i cu la r ly  i f  an elaborate  communication system is 
required fo r  t h e i r  subsequent recovery. 

0 Concept 2 - Dropped i n  U M  Descent 

When the LEM i s  descending t o  the lunar  surface,  but 
p r io r  t o  touchdown, it may be possible t o  e j e c t  a 
sampling device a t  a height of 200 t o  2000 f e e t .  
The l eve l  of contamination of the simple due t o  the 
rocket exhaust should be considerably l e s s  than t h a t  
which would subsequently 5e obtainable. 

The device could be s i m i l a r  t o  one which could be 
inser ted  from a lunar o r b i t  (Concept 1) but need n o t  
contain the elaborate  array of re t rorockets  and 
communication equipment. The locat ion and recovery 
of the device should be r e l a t ive ly  s imple.  

The pr inc ipa l  disadvantage of t h i s  concept stems from 
the  addi t ional  burden t h a t  it imposes upon the a s t ro -  
nauts  during the c r i t i c a l  landing maneuver. Lacking 
a t t i t u d e  controls ,  it may be d i f f i c u l t  t o  assure a 
precise  or ien ta t ion  of the  module a t  impact. 

Concept 3 - Sampling a t  Touchdown 

Following the landing of the LEM it is  unl ikely t h a t  
an uncontaminated specimen of the indigenous ecology 
could be obtained a t  the surface.  Even i f  the surface 
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were not eroded by the rocket exhaust, the integrity 
of exobiological samples taken in the vicinity of the 
vehicle would be questionable, if only for the changes 
thermally and chemically induced by the rocket. 

Within this concept there are two possible variances; 
a device attached to the landing gear of the LEM, or 
one ejected from it prior to the egress of the astro- 
naut. 
the touchdown area will experience the greatest thermal 
changes, and chemical contamination due to the rocket 
exhaust; hence sampling there may not be too meaning- 
ful. 
from the vehicle is preferable. 

The principle objection to the first is that 

Ejection of a sampling device to some distance 

The advantage gained by this method over having the 
astronaut place a device on the moon is that the con- 
tamination introduced by the depressurization of the 
LEM cabin and leakage from the astronaut's suit and 
the repressurized LEM is avoided. When compared with 
the quality possible with devices injected from orbit 
or dropped from some intermediate height above the 
moon, this concept is less promi.sing. 

Concept 4 - Hand Sampling 
Barring an unprecedented degree of sophistication, the 
biochemical level of contamination should be greatest 
in grab samples and shallow cores obtained from the 
lunar surface. If a sub-surface ecology is indeed 
the nature of the lunar biosphere, grab samples might 
at best yield negative results. 
may be the least complicated it could also be the 
least fruitful. An exception is the sampling of natural 
structural features such as deep craters, fissures, 
caves, etc., which might experience little direct 
exposure to the sun's radiation and the rocket exhaust 
and may support an indigenous ecology. 
that such features, if they exist at all, could be 
remotely sampled. 
probably be required to effectively sample them, it 
is evident that some form of hand sampling will be 
required, despite its inherently high contamination 
potential. 

Although the method 

It is improbable 

As considerable judgement will 
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6. Possible Techniques for Minimizing Sample Contamination 

To minimize the erosional and highly contaminating effects 
of the retrorocket, it may be possible to shield one or more 
areas near the landing site to subsequently obtain relatively 
uncontaminated samples from them. 

During the descent to the lunar surface, a package could be 
ejected from the LEM, which at or slightly before impact would 
expand to form a thin protective shield or blanket for the material 
beneath it. The shield could be a mass of silicon grease, possi- 
bly a rapidly forming foam, or a foam contained within a flexible 
skin, a sort of flat balloon. The i-mpact of the package could 
disturb the structure of the moon's surface but the direct expo- 
sure of the surface to the rocket exhaust might otherwise erode 
it, with the consequence that no sample of the surface would be 

I obtainable. 

An exposed foam, though evolving gases while forming, would 
probably off gas to space in preference to the material below. 
The nature of the gas could be well established in advance so 
that its detection in the samples would not be unexpected. 
gas pressure above the foam would tend to protect the shield 
from the impingement of rocket gases, though this would be strongly 
influenced by its distance from the point of touchdown. 
off" of the prelaunched shield would be to establish ground control 
for the landing maneuver. With sufficimt development, the shield 
diameter, thickness, etc., could be predictable. It could also 
contain bright colors and perhaps luminesce. Knowing the diameter 
of the shield, the astronaut, when sighting upon it, could esti- 
mate his  altitude. 
f a l l  N i c n  no horizontal motion, the shape of the shield may help 
to guide him in the selection of a landing site. 

The 

A "spin- 

If the package could be assured of a vertical 

Anticipating a disc, he would be justified in avoiding the 
site if instead it appears as an ellipse with a minor axis of 
half its major axis, thereby indicating a 50% slope. Irregu- 
larities of its perimeter, when correlated with the thickness 
of the shield, its viscosity, etc., may reveal a degree of rough- 
ness at the landing site that may be too hazardous. 
that for the astronaut, the secondary advantages of the shield 
may far outweigh its significance for exobiological sampling. 

It is evident 

The success of the sampling mission will to a great measure 
be dependent upon che discretion of  the astronaut. Natural 
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s t r u c t u r a l  features  that experience l i t t l e  d i r e c t  exposure t o  
s o l a r  radiat ion,  may a l s o  su f fe r  less from the rocket exhaust. 
Hence, grab samples, though generally frowned upon, would be 
preferred from these areas and could contain fewer contaminants. 
Statistical sampling such as with an order ly  gr id  system o r  
rad ia t ing  from t h e  LEM may be more f eas ib l e  f o r  later missions, 
o r  f o r  an unvarying, homogeneous p l a in .  

Leakage from the as t ronaut ' s  s u i t ,  p a r t i c u l a r l y  a t  the  j o i n t s ,  
i s  expected t o  contain a high percentage of contaminants t h a t  
could influence exobiological sampling. Determination of the 
sources of leakage may not  necessar i ly  lead t o  t h e i r  elimination. 
W e  may s t i l l  be ab le  t o  assure  a l e v e l  of confidence i n  ecolonical 
sampling with a f r e sh  approach t o  the  use of hand t o o l s .  

A l i s t  of hand tools  t h a t  a r e  normally used fo r  t e r r e s t r i a l  
sampling and which  may be applicable on the moon appears i n  
Table 28. 
f o r  lunar geological sampling may not assure  an uncontaminated 
ecological  specimen. 
b i t s  and remove the  cu t t ings  from the hole (water o r  a i r )  w i l l  
probably not be used on t h e  moon. Instead,  o ther  lubr icants  
and impregnated d r i l l  b i t s  may be used (Ref. 5 5 ) .  These may be 
unacceptable f o r  ecological sampling while being pe r fec t ly  accept- 
ab le  f o r  s t r a t ig raph ic  o r  pe t ro logica l  inves t iga t ions .  The use 
of impregnated d r i l l  b i t s ,  bearings, hand too l s ,  e t c . ,  while 
solving some technical  problems could c rea t e  addi t iona l  sources 
of contamination. 

The hand or powered coring too ls  t h a t  have been proposed 

The lubr icants  normally used t o  cool d r i l l  

That we a r e  experiencing some d i f f i c u l t y  se l ec t ing  a lunar 

Biologists tend t o  r e l y  upon conventional 
ecological sampling t o o l  stems from t h e  paucity of similar t o o l s  
f o r  terrestrial  use.  
hand and power driven too l s .  
t h a t  could assure a p r i s t i n e  lunar  ecological  sample. 

To date ,  no too l s  have been suggested 

We may ten ta t ive ly  assume t h a t  a l l  of t h e  contaminants 
due t o  the  retrorockets ,  t h e  LEM, and t h e  as t ronauts  w i l l  r e -  
main on or near the lur-ar surface. Hence a t o o l  t h a t  could 
penetrate  the surface,  take a specimen, and then be withdrawn 
without exposing t h e  specimen t o  t h e  sur face  layer  or  other 
contaminants, could obtain r e l a t i v e l y  p r i s t i n e  samples. 
possible configuration would be a t oo l  cons is t ing  of t h r e e  con- 
cen t r i c  telescoping tubtBs w i t h  the inner and outer  one taper ing 
t o  a t i p  of claw-like r a d i a l  spr ings,  no t  un l ike  a d ra f t ing  
penci l  within a Protect ive shroud (see Fig. 74). 

One 
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> Shroud 

a. 

Concentric tube w i t h  
claw-like spring t i p s  
is  forced beneath 
Lunar surface . Follow- 
ing inser t ion  i n t o  Lunar 
surface,  inner tube 1.: 
forced through outer  
claws. Sample i s  t5en 
obtained . 

Sleeve forces  inner  claw 
t o  c lose  p r i o r  t o  removal 
of inner  tube. 

C. 

Fig. 74 I l l u s t r a t i o n  of a Possible  Lunar Exobiological Sampling Tool 
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The assembly could be driven into the lunar surface, or might 
be dropped-from a descending LEM. 
forced through the claw tip of the outer tube, expand, (like a 
drafting pencil) core or grab a specimen. The claw of the inner 
tube would be closed by the intermediate tube or sleeve and then 
be withdrawin to its original position. The inner tube and sleeve 
could then be withdrawn and used as a sample return container, 
or the sample could be transferred to another container. Once 
the outer tube has been inserted, it could be driven deeper and 
a series of replaceable inner tubes used to sample at each 

The inner tube would then be 

penetration increment. With a properly prepared tool, the con- 
tamination of the surface and the astronaut might be limited to 
the outer tube (shroud) , and not be returned with the sample. 
Although such a tool will function best in a particulate, 
tuffaceous or scoraceous surface, its success in an unbrecciated 
massive rock would probably be inferior to a more conventional 
rock drill. 
promising under any circumstances. 

Ecological sampling in massive rock may not be too 

The use of soft metals as lubricants might be particularly 
suitable for this tool, if the sample should also be 'sealed by 
the metal and not be subject to further exposure and contamination. 
The many anticipated vacuum welding problems (Ref. 55) would 
then be come an asset instead of a liability. 
also be applicable for use with a prelaunched protective shield. 

The tool would 

To additionally assure that viable organisms introduced into 
the lunar surface do not contaminate the samples, the astronaut 
could be equipped with a thermal device to sterilize the area 
to be sampled. As the lunar surface is expected to have a low 
thermal conductivity this procedure would probably not degrade 
an ecology at depth. 

The use of tracers in this area has largely been ignored, 
although potentially suitable tracer materials are available. 
It may be possible for the astronauts to ingest some hanuless 
tracer material to be emitted with their sweat, breath, etc., 
thereby filling the space suit and LEM environments. 
approach would be to coat the interior of the LEM and the suit 
with tracer material. 
that its emission rate will vary with the man's physical activity. 
Should the tracer be subsequently detected in lunar samples, 
the relative concentration of tracer material in different 
spechens would influence their exobiological significance, 
despite the possible absence of any other indication of life 
or Proto-life. 

An alternate 

The advantage of an ingested tracer is 



The nature of the task  lends i t s e l f  t o  t h e  use of such 
radioact ive materials as t r i t i a t e d  water o r  carbon 14. T h e i r  
maximum permissible t o t a l  body burdens are respect ively 2 x 10 
microcuries and 400 microcuries (Ref. 56). 
B ) and C1402 (0.155 MeV) are both s ign i f i can t ly  g rea t e r  than t h e  
s o l a r  induced ground state. 

t h a t  a r e  respectively 12.4 years and 5600 years (Ref. 57). With  
a biological  half  l i f e  of t h e  order of 8.5 days, which i s  longer 
than t h e  f i r s t  Apollo missions, a t r i t i u m  t r a c e r  could be admini- 
s t e r ed  t o  the astronauts while s t i l l  on earth.  

3 

The H230 (0.018 Mev 

They a r e  both weak f3 emit ters  w i t h  radioact ive half  l i v e s  



V. CONCLUSIONS 

A. Results of the Study 

The work performed under t h i s  contract  and the  r e s u l t s  
achieved a r e  summarized i n  Sec. I and 11. One accomplishment 
has been t h e  calculat ion,  from exis t ing data ,  of contamination 
by various processes. 
areas  i n  which ex is t ing  data are inadequate. 

Another results has  been the  defining of 

The studies  of contaminant composition (Sec. I I . B . l )  and of 

Other r e su l t s ,  
the  f a r  f i e l d  molecular flux (Sec. 1V.A) are va l id  independent of 
fu r the r  discoveries  about the lunar environment. 
fo r  example, erosion d is t r ibu t ions  (Sec. 1V.B and'C), depend i n  
d e t a i l  on the  s t ruc tu re  of the lunar surface and can be cont inual ly  
improved as more knowledge of the  surface becomes avai lable  (Sec. V.B). 
The Luna 9 photographs of t he  lunar surface became avai lable  near 
the  end of t h i s  contract .  
of surface models. 
free, relatively f i rm surface possibly resembling a vesicular  or  
semicompacted s t ruc ture .  
areas of the moon a r e  iden t i ca l  t o  the one i n  t h e  photograph. 
Despite t h i s ,  t h e  photographs provide valuable guidelines t o  
surface models (c f .  Sec. V.B). 

They will permit a more r e a l i s t i c  choice 
These photographs indicate  a porous, rocky, dust  

It i s  premature t o  conclude t h a t  a l l  

It w a s  inevi table  t h a t  the  study would disciose areas  of 
ignorance concerning contamination i n  the lunar environment. 
These areas include (c f .  Sec, V.B) t h e  nature  and quantity of 
b a c t e r i a l  contaminants under Apollo conditions,  chemical r e -  
ac t ions  i n  t h e  lunar radiat ion environment, and adsorption and 
desorption of gas i n  the lunar environment. 

Two recent  publications a re  of importance t o  t h e  study of 
They summarize conclusions reached a t  two con- 

The conferences conducted by 

contamination. 
ferences where eminent s c i e n t i s t s  met t o  consider t h e  future  
s c i e n t i f i c  exploration of space. 
NASA (Ref. 40) and by t h e  National Academy of Sciences (Ref. 58) 
provide guidel ines  against  which our study can be judged. 

A few examples, taken from Ref. 40, i l l u s t r a t e  the importance 
a t tached  by these s c i e n t i s t s  t o  the contamination of lunar samples. 
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On page 11 of Ref. 40, a group of scientists suggest the fol- 
1 lowing specifications for LEM scientific equipment: 

I? Sample containers should keep samples sterile and 
chemically clean. 
More studies should be completed relative to the 
use of teflon in the lunar environment. It 

Stainless steel is acceptable. 

They also specify an "aseptic sample collection tool" (cf. Sec. 1V.I). 

On the same page the importance of space suit leakage (cf. 
Sec. V.B) is mentioned: 

"Studies and tests should be started imme- 
diately to determine the amounts and effects of 
the outgassing of the astronautsf suits and the 
escape of the atmosphere from the LEM. 
lization of the escaping atmosphere from the L E M  
should be considered. Analyses of the possible 
contaminants in the L E M  fuel and the effects on 

Steri- 

sample collection should be undertaken. I t  

Lunar atmospheric contamination is considered on page 13 of 
Ref. 40 where the group recommends that 

"Pressure, flux and mass measurements for de- 
termination of neutral and ionic constituents 
should be conducted. This is advantageous for 
early flights because of the uncontaminated 
state of the atmosphere." 

On missions after Apollo, the group recommends on page 17 
as part of the equipment: 

"Lunar Drills. 
capable of penetrating to a depth of 3 meters in 
either rubble or solid rock is recommended. It 
should be operable from a roving vehicle. It is 
necessary for lunar het flow studies and for ob- 
taining biological samples. It 

The development of a 1-inch drill 

In view of the possibility for penetration of rocket exhaust gas 
and other contaminants into a porous lunar surface (Sec. V . B ) ,  the 
suggested requirement for a 3-meter drill might be reexamined. 
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B. Areas for Further Investigation 

The photographs of the lunar surface recently transmitted to 
earth from Luna 9 will permit the recalculation of results pre- 
sented in this report, using parameters that correspond to the 
lunar structure indicated in the photographs. 
able to recompute the distributions of eroded material (Secs. IV.B.1 
and IV.B.2), which were calculated for a dust model, using parameters 
representative of the resistance of vesicular or semicompacted sur- 
faces to shearing stress produced by exhaust gas flow (cf., Sec. 
11.0.3). The photographs indicate a porous surface. Consequently, 
there may be considerable penetration of exhaust gas into the lunar 
surface. 
samples that are free of surface contamination (Sec. IV. I). It 
therefore would be advisable to investigate the depth to which con- 
taminants can penetrate so that the drill can be designed to reach 
greater depths. Penetration of exhaust gas into the lunar surface 
will also affect subsurface temperature distributions (Sec. 1V.H) 
and may affect atmospheric contamination (Sec. 1V.E). 

It would be desir- 

It has been suggested that a drill be used to obtain 

The area of bacterial contamination is important and will re- 
quire m c h  additional theoretical and experimental study to deter- 
mine the type and amount of bacterial contaminants and organic 
debris that can be expected on the Apollo mission (Secs. lI.B.3 
and 1II.C). 
data are inadequate. 
ing specialized equipment and techniques is required. 

Our survey of this area demonstrates that existing 
Much painstaking experimental testing involv- 

Since bacteriological contaminants spread in the gas leaked 
from space suits or vented from the ascent stage, it would be de- 
sirable to know the distribution of gas from these sources. 
suit leakage is significant because of the intimate contact between 
the astronaut and the collected samples. 

Space 

To determine the distribution of adsorbed exhaust gas on the 
lunar surface (Sec. 1V.D) or the distributions of atmospheric 
contaminants, (Sec. 1V.E) it is necessary to know the rates of 
adsorption and desorption of gas on the lunar surface (Sec. 1V.F and G). 
Almost no reliable data are available on these processes under 
lunar environmental conditions. Experimental data are needed. 

The results obtained for contamination of the lunar atmosphere 
(Sec. 1V.E) could be improved by including more detailed information 
on adsorption and desorption coefficients and also by including more 
detailed treatment of surface temperature variation effects, molecu- 
lar velocity distributions, solar wind variations, and other items 
not included in the present study. 
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1 
The exhaust of the descent and ascent rockets may affect in- 

Such packages may be affected by 
strument packages (ALSEP, etc.) left on the lunar surface by the 
Apollo and subsequent missions. 
heating resulting from contact with the ascent stage exhaust, by 
impacts from lunar surface material eroded by the ascent engine 
plume, and descent stage propellant leakage or explosion subse- 
quent to launching of the ascent stage. 
extend techniques developed during the current contract to the 
examination of such problems. 

It would be advisable to 

1 

Chemical reactions on the lunar surface in the lunar radiation 
environment is an area requiring further experimental investigation. 

i A number of devices for minimizing contamination are suggested 
The feasibility of the suggestions should be further in Sec. 1V.I. 

explored. 

The Apollo mission will not enter an uncontaminated environ- 
ment. In addition to contamination from the mission itself, the 
moon will already have experienced contamination from Lunik, Surveyor 
and other missions. While the contamination effects of these mis- 
sions will probably be small, it is not evident that they are all 
negligible. 
should be investigated to make sure some significant aspects are 
not being overlooked. 

Pre-Apollo contamination effects on the Apollo mission 

C. The Apollo Scientific Proeram and Consequences 
of Cumulative Contamination 

The following recommmdation was made in the written report 
(Ref. 1) of the oral presentation on this contract, which was made 
at NASA/MSC on November 2, 1965. 
Principal Scientist feels it is of importance. 

It is repeated here because the 

The strongest impression left by the oral presentation and sub- 
sequent conversations with people concerned with lunar experiments 
is that the problems of lunar contamination should be given greater 
weight in planning the Apollo mission scientific program. Many 
people concerned with programs which involve tool design, experi- 
ments, and sample collection techniques are aware of contamination 
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problems and are seeking ways t o  dea l  with t h e m .  
concerned with the  over-al l  planning of the Apollo s c i e n t i f i c  
mission should a l s o  be continually aware of the  e f f e c t s  of cumla-  
tive contamination due t o  subsequent missions. 
important because ce r t a in  s ign i f icant  lunar experiments which may 
be performed on the Apollo mission may be impossible on later m i s -  
s ions due t o  cumulative contamination. It is  possible  t h a t  the  
door t o  whole f i e l d s  of s c i e n t i f i c  invest igat ion may be forever 
closed after the  f i r s t  manned mission. Exobiological experiments 
immediately come t o  mind because t h i s  f i e l d  has received consider- 
able  comment. Undoubtedly, invest igat ion would disclose other  
areas i n  which the  f i r s t  Apollo mission may be the  las t  chance t o  

experiment t h a t  would be ser iously a f fec ted  by the cumulative con- 
tamination of a grea t  number of missions. 

However, people 

This is v i t a l l y  

1 gather data. By contrast ,  it would be hard t o  suggest a geological 

The Apollo s c i e n t i f i c  program must always be subordinate t o  
t h e  overriding concern f o r  mission safety.  
t ion,  t h e  progressive closing out of important areas of research 

But within this l i m i t a -  
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