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INTRODUCT ION

One of the main responsibilities which the United States Planetary
Quarantine Officer has concerning Apollo is the estimation of the number of
microorganisms which are on the surface of each Apollo spacecraft at launch.
This problem is composed of two parts. The first is to estimate the bic-
loading on the hardware at a given sampling time. The second is to predict,
on the;basis of this estimate and environmental sampling, the number of
microbes which will be on the surface at launch. The second of these models
must deal with the problem of fall-out of wicrobes from the environment and
with the transfer of microbes from the workmen and their equipment to the
surfaces of the module. This prediction model will be dealt with in a later
document. The present work is a possible approach to the first of these
models. To be more precise, it deals with the problem of estimatinglthe
total number of microorganisms on the surface of an Apollo module based on
samples taken from a relatively small percentage of the total area of the
module. Another problem related to this which we shall discuss is the
problem of establishing ahead of the sampling time the number of samples
which will be needed to obtain various accuracies. In doing this, we shall
consider both the cotton swab method of sampling which is now used (5] and

the vacuum probe method of sampling [1] which is being considered for use.

THE MODEL
When various investigators (for example, lcDade, et al T4]) have
counted the number of microorganisms per unit area on a surface which sees
a uniform environment, they have observed what they term the "plateau effect".

This effect is defined to be the phenomenon which is observed as one records




the number of microorganisms per unit area as a function of time. They
find that as time increases, the density of micrecorganisis on a surface
asymptotically approaches an upper bound. If we wish to explain this
plateau, we arrive at the assumption that the majority of microbes which
are found on the surface are attached to larger ambient particles. The
reason for this conclusion is that the plateau has bean observed when
spores are considered. If we assume that microbes are continually deposited,
there must be removal of viable microorganisms from the surface in order

to obtain the plateau. Since spores are very slow to die, it would seem
that physical removal of the microorganisms is what produces the plateau
since removal by death is unlikely in the time periods which are observed.
The energies necessary to remove spores which are not attached to ambient
particles from a surface are much higher than one would expect in a typical
experimental (or assembly) environment [9]. Thus, the assumption that most
microorganisms which are deposited on a surface are attached to ambient
particles is consistent with observations.

The first part of the model which we shall develop deals with the
attachment of microorganisms to ambient particles, restricting our attention
to "large" particles which can be removed from surfaces under normal assembly
conditions or to "naked" microorganisms which die. To do this, let us draw
a particle at random from the environment. Let Y be the random variable
representing the number of microorganisms which are attached to this
particle. We wish to derive an expression for P(Y = k) the probability
that k microorganisms are attached to the particle.

We refer the reader to the work of Tukey [11] for many of the details
which we shail omit. Assune that there exist m microbes and N ambient

particies in the assembly facility where the Apollo module is located.
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Let Pi be the probability that one of the microorganisms will attach itself

N
particle. (We do not require | P, = 1. We only require

i=]

to the ith

N
) P; =1). Define the random variable X, to be the number of particles
i=]

in the assembly facility with k microorganisms attached to them. If we

assume that Pi does not change as microbes become attached to the ith particle,

then we see that E(Xk). the expected value of Xk is given by

k
(1)

S

N P

The assumption that Pi ¥s independent of the number of organisms on the
particle is probably the most questionable of a1l those we shall make. We
shall say more about it later.

Since the Apollo modules are not in a highly controlled microbial
environment at Cape Kennedy, it is reasonable that m is very large. Also
the attraction between ambient particles and microorganisms is probably
very small. For these reasons let m + « and Pi + 0 fori=1,2,...,N
in such a way that mP1 = A where A is a constant. The quantity A
here would represent the expected number of microorganisms on the ith

particle. After taking these limits equation (1) becomes

N
E(x) = I ——¢ . (2)




If a; is determined so that Ay = A(1+a1) where ) is fixed, equation (2?)

can be rewritten as

A convenient choice of A is the mean of the 21'5. If we use this value
N N

for , we have | a; = 0. Define A = 1{ af. Expanding the summation
i=] =]

in (3) and collecting terms we obtain

k 2., " 3 Y
£(x,) = ) e-x{N R [(k-;) -k] ) 2 +[(kg>‘2 k-2, ;_5] b 3, } .
* j= ) g

Truncating after powers of ag, this becomes

2
E(x,) ¥ r e {n + [Lk—*-;-‘—k]A} . (4)

Again, relying on the fact that the environments which the Apollo
modules see are relatively "dirty", we shall take M to be large. Thus,

observing the fact that

E(X,) .k 2
P(Y=k) = ——”k z 'i:-r e {1 + Tl\l'[ k'*L 'k] A} .

and letting N + = we obtain

k
P(Y = k) = pre” (5)




Before continuing with the other aspects of this model, there are two
things which should be discussed and emphasized.

The assumption that the attractive forces between ambient particles
and microorganisms does not change as microorganisms become attached is not
as restrictive as we have indicated earlier since we only use the limit
as Pi approaches zero. The second observation is that A was chosen to be
the mean number of microorganisms attached to a particle. This combination
of the characteristics of all particles into this one parameter will be
useful in our later work.

Tierney has described the use of a simple "Birth and Neath" model for
the fallout of particles from the environment onto surfaces 8]. What we
shall attempt in the remainder of this section is to combine the concept
of the attachment of microorganisms to ambient particles with the fallout
of ambient particles onto surfaces.

Refore proceeding we observe that microorganisms can also he deposited
on the surfaces by contact from the workmen and their equipment. We shall
also say something about this later in this work.

Let us first assume that, considering onlv the fallout of the airborne
microbial contamination, the surface of the Apollo module can be partitioned
into subsections each of which sees a uniform environment. This is possible
since the orientation of each module remains the same during its checkout
procedures at Cape Kenuedy. (This is not true of many of the unmanned
spacecraft). DNivide the airborne particles into classes such that all of
the particles in a given class have the same fallout and removal characteris-
tics. With these conditions Tierney concludas that after a suhsection of

the module sees the same environment for a "long" period of time, the dis-

tribution of the random variable representing the number of particles of
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a given class approaches a Poisson Distribution (see reference [3] for a
more complete discussion of why this is true). Since the sum of a finite
number of Poisson distributed random variables is Poisson distributed we see
that if W is a random variable representing the number of ambient parcicles

on the entire module after a sufficiently "long" time then

i
P(W = 1) = & (6)

where y =A2, n is the average fallout rate of all particles on all sections
of the module, and p is the average percent removal rate of all particles
from all sections of the module by "death", physical removal, etc.

Let Z be the random variable representing the total number of micro-

organisms on the surface of the entire module. Then we conclude that

P(7=K) = 1§n P(2=k =i} P(u=1). (7)

Considering equation (5) we cbserve that the probability of k microorganisms

on i particles is

=xi

k
P(7=k| W=i) = 11&%12___

which when combined with equations (f) and (7) vields

o k -ixr 1 -y
P=k) = I (a)e = xe

or




o=y = 3k
P(2k) = A= 1 qT (7). (8)

The probability of k microorganisms beinag deposited ori a given module by
fallout from the environment is thus given by (8). We see that this distribu-
tior is what is referred to in the literature as Meyman's Contaqious Distribu-
tion of Type A [2,6]. Several authors have used a Poisson Distribution to
estimate microbial loadings on spacecraft. We note that our model differs
from this in the spread (i.e. variance) of the distribution. Equation (8)
takes into account the fact that, because of the attachment of microoraanisms
to ambient particles, if we find one riicroorganism in a unit area the
probability is higher we will find another.

In order to discuss the deposition of microorganisms by the contact
with the module of workmen or their equipmert we shall use a very naive
anproach. Let us assume that each type of contact is a special kind of particle.
Then equation {5) would include these in estimating the numbers of microorganisms
deposited by each contact, equation (6) would estimate the number of contacts,
and (8) would include this in estimating the total microbial loading. The
author realizes this analogy is not accurate since it does not take into
account the microbes which are generated by the workmen themselves. It is
a good approximation in most cases since the workmen wear gloves (7] and we
are mostly concerned quantitatively with spores which are not usually qenerated

by humans.




SAMPLING PROCEDURES

If we wish to use the mathematical model given by equation (8) to
establish sampling protocol we note that the mean (y) and the variance 02

of the Neyman Contaqious Nistribution of Type A are given by

Bo= YA (9)

g" = u(]"ﬂ). (lf))

In order to establish sampling requirements, it shall be necessary to use
the Central Limit Theorem [3] to obtain confidence intervals.
Suppose we are qiven B8 and 6 and we wish to determine the number of

square inches n which must be sampled in order to insure that

v 12
Prob {iliﬂl—-< B} > 8 (1)

where X is the sample mean which is observed and u is defined by (2) (and

is not observed). Since we cannot sample exactly we shall assume that there
is a sampling error ¢ due to either lack of removal, to the lack of recovery
after they are removed or to our failure to grow the colony. The values

X and u refer to the entire module. Thus when n inches are sampled with
sampling error ¢, the number of times m which we sample an area equal to
that of the entire module is %(1-5) where A is the area of the module.

Rewriting (11) we obtain

Prob (\B';J‘E < ”BE"T)g_ 8 (12)

10




where o is defined by (1n). Define x by the eauation

¥(x) = o
where
w(y) = ¢(y) - ¢(-y)

and ¢ is the standard normal distribution. Applying the Central Limit

Theorem we see that

g g

Prob ('Y'L‘Mi: 'm)= v (—E—"B_m): 6 = y(x).

'sing the monotonicity of y we obtain

0o
=
EJ

Q

Squaring and substitutina the definitions of m and 02 qiven in equations

(9) and (117) this equation becomes

le%%.%;'glo

or

: 2
< SR 19

n




This is the result we shall use to estahlish our samnlino protocol.
The modules on which we are interested in astimating the microhial
load are M9)

1. the interior of the command module (CM)

ro
.

the exterior of the Tunar module (LM) ascent and descent stages

3. the interior of the lunar module ascent stace

-~
.

the interior of the spacecraft - lunar module adaptor (SLA).
The areas of these and other modules are qgiven in Table 1. Some representa-
tive values of X for various values of & are aiven in Table 2.

One of the hardest parameters to determine is 8 since it is not obvious

what its relationship is to reality. From eauation (11) we know that

This implies

Feu] < /B < By,

vhere M is the maximum value which u can assume. Thus, knowing the error

ax
we can accept in the determination of the mean of our distribution and ///
knowing a maximum value for u, we can determine a g to use. Table 3 lists
maximum values which we may wish to use. These are hased on actual samples
taken by the Public Health Service at fape Vennedy [7]. |

The sampling error ¢ will vary depending on the method used. The
methods we shall consider are the vacuum probe and the cotton swab. If

we consider only the possibilities of either not removing the microbes

in the area heing samples or not recoverina them from the samplina eauipment

12




then an error of 5% appears reasonahle for the vacuum probe method of
sampling. For the cotton swab method of samplina, there appears to be a
larae discrepancy in the data which is availahle. Thus, we shall use
errors of 517 and 70% for this method.

The only other value we need is A. This is the mean number of micro-
organisms per particle. Little information is known ahout what this value
should be. We shall estimate that it 1ies between one and ten.

Te aid in the establishment of samnlina protocol, Tables 1 throunh 0
contain representative data for the modules in which there appears to he
an interest. A1l of these tables are hased on a 8 of one and the entries
represent the numher of inches n which must be samnled. To obtain n when

more realistic values of g are used; we must divide the tabhle entries by 3.

CONCLUSIONS

Since 108 appears to be an upper bound on the loading on all of the

modules except the SLA and, since heing within 1”6 appears to he well

4

within any stated goals, a value of 17" for B appears to he anpronriate.

A combination of other variables which miaht prove useful is

A=A
e = .50
6 =.3ore=.00n

This means that the cotton swab method is beina used. If four square inches
are defined to be a standard sample, then Tahle 1N aives the number of
samples necessary to achieve the desired results on the various modules.

A1l of these are within the sampling capabilities which exist.

13




The interior of the SLA appears to have a maximum loading of 107, §

and thus 8 can be chosen to be 105 to obtain the same accuracy as we have
on the other modules. If we adopt the same set of values for the other
parameters, we ohtain the fact that only nine samnles are needed to get

the desired results.

FURTHEP. REMARKS

The model we have nresented yields a probahility distribution which
takes into account the fact that most microorganisms which are on the surface
of spacecraft are attached to ambient particles. s Tiernev nointes out,
the "birth and death" fallout model is not adeauate hecause it does not
take this fact into account. In order for the model to be predictive,
work still nee's to he done to extend the fallout concept to account for
this fact. Hopefully, when this is done, it will he possihlie to show that
the solution of the equations approaches (8) asymptotically.
Some questions have been asked concerning the attachment of microorganisms
to particles and the number of microoraanisms on surfaces in ultra clean

areas such as one finds in laminar flow rooms. If we consider equation (1)

and let

- s

P(Y=k) = —_—

we obtain a probability distribution for the numher of microorganisms on a
particle. By using Poisson mixina, as we have in (7), we obtain a distribu-
tion for microorganisms on surfaces. O0Ohserve that in this case nore
knowledge is required from the field of small particle physics. This is to
hYe expected. There are very few particles, and thus one cannot look at the

"aross" effects as we have in our model for "dirty" areas.
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Table 1 - Surface Area of Apollo Module in Saquare Feet

Module

Interior M

Fxterior L™ ascent stage
Exterior LM descent stage
Interior L* ascent stage
Interior SLA

tnaine Bell on LM descent stage

Mumber of Sauare Feet of Surface Area

549
60N
532
28n
1500
113

Table 2 - Values of X Corresponding to Various Values of &

>

|

- * L3
DdN-hg\.OU'l
0

P>

e e @

ol b wd b b T\)

Table 3 = Maximum Microbial Loading on Apollo Modules

Module

Interior CM
Exterior LM ascent stage
Exterior LM descent stage
Interior LM ascent stage
Interior SLA

“umber of Microornanisms

7.56 x 10/
3.50 x 10/
3.31 x 1/
4.67 x 177
6.21 x 106
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Table 4 - Mumber of Square Inches Required in Sampling
of CM Interior g=1

number of
€ sauare inches

\olcn

.05 4476AN
.05 272685
.05 220109
.05 180015
.05 1119100
N5 681712
.05 550271
N5 450037
.05 1566740
N5 a54307
.05 770380
N5 630051
.05 2462020
NE 1499770
N5 1210600
.05 q9anng
85n516
5181M
A1820F
342028
2126290
1205250
1045520
355071
297R210
1813350
1463720
1197100
AR77840
2849560
2300130
1881150
1417530
863502
£9701N
K7NNAR
354392n
21587F0
1742530
1425120
4961340
3022260
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1995160
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4749260
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Table 5 - Number of Square Inches Required in Sampling

|@

(3]

.
o

*
(3] o (3] w o (3, ]

o

3, ]

wn

L ] [ 3 - L] . . - . L - . . L] * » L] - » L] L] L] L] L] L] L] . L] * L2 - - . L[] - - L] - L3 » L] - L] -
SNNDONNDONYNOWNSNDONNODONNOOONNVONNDONNOOONNODONNOONNYIODO

(3]

[ R
- DD DD i P ~d o o et |>’

[ R S
et DD OO NDNNDN DD e d

NN et

LM Interior g=]

€
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N5
.05

i

number of
square inches
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139174
112259
913108
570761
347686
280648
229527
799N66
486760
392908
321333
1255630
7649n9
617427
504959
433779
264241
213293
174440
1084450
6606N3
533232
436101
1518231
924844
746525
61N542
2385780
1453330
117311n
959422
722964
441402
355488
290734
1807410
11mnnn
888720
726835
25310309
1541410
1244210
1017570
3976300
2422210
1955180
159904n
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Table € - Number of Square Inches Required in Sampling
of Fxterior of LM Ascent Stage 8=l

number of
square inches

|o

489224
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1043060
241945
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2323810
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1142640
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13n23nn
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Table 7 - Number of Square Inches Reauired in Sampling
of Exterior of LM Nescent Stage g=1

number of
€ square inches

433779
o 2rA241
213293
174440
1n34450
FRNANT
R33232
43A1M
151823n
azag44
746525
(A LTV,
2385780
1453331
1173111
050422
324181
502n58
ANBDSF.
331437
2NENLERN
1268160
173140
728502
2304¢73N
17572n
1418400
1160030
453200n
2761320
222891N
1822900
1373F30
83R7F4
75427
ER2395
3434000
2001010
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Table 8 - Mumber of Square Inches Required in Sampling
Engine Bell on LM Nescent Stage g=)

number of

N R _€_ square inches
9 1 N5 839835
.8 1 .05 511505
75 1 .05 412954
7 1 .05 337732
9 4 N5 209959
.8 4 N5 127899
.75 4 N5 103230
7 4 .05 244331
.9 6 .05 293942
A € .05 179058
.75 6 .05 144534
.7 f .08 118206
9 10 N5 4619n9
.8 10 N5 281377
.75 10 .05 227125
.7 10 N5 185753
9 1 .5 159569
.8 1 .5 972n3
75 1 .5 784€13
.7 1 .5 641692
9 4 .5 308921
.8 4 .5 243007
.75 4 5 196153
7 4 .5 160423
9 6 .5 558490
.8 f .5 340210
.75 6 .5 274614
7 6 5 224592
9 10 .5 RI7F27
.8 10 .5 534A16
.75 10 5 431537
7 10 5 352930
9 1 J 265948
.8 1 7 162005
.75 1 J7 130749
.7 1 7 1NR949
.9 4 7 6648€9
.8 4 7 405012
.75 4 7 326922
7 4 7 267372
.9 £ 7 230817
.8 6 7 567n17
.75 6 7 457691
7 6 7 374320
9 10 J7 1462710
.8 19 7 891127
.75 10 7 719228
7 10 .7 588217
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Table 9 - Number of Square Inches Required in Samplina
of Interior of SLA g=]

numher of
5 R € square inches
.9 1 .05 1223060
.8 1 N5 745011
.75 1 .N& 601389
7 1 .05 491843
9 4 .05 3n57€50
.8 4 .05 1362600
.75 4 N5 1513470
7 4 N5 1229610
9 6 N5 4280710
.8 6 .05 2607+4N
.75 6 .05 214360
7 € .05 1721450
. 10 .05 672R33N
.8 1n NS 4017720
.75 10 .05 33n7ean
7 10 05 2705140
.9 1 5 2323310
.8 1 .5 1415530
.75 1 .5 1142A40
7 1 .5 934502
.Q 4 .5 53nasan
.8 4 .5 3538040
.75 4 5 2R5RENN
J 4 5 2336260
.9 6 5 9133350
.3 6 .5 49354520
.75 f .5 3909240
7 h .5 3270740
.2 1 .5 12781000
.8 10 .5 7738k
.75 10 .5 £234520
.7 10 .5 5139740
9 1 7 3973n2n
.8 1 7 2359310
I8 1 J7 1902400
7 1 7 1557500
9 4 .7 96A2560
.8 4 7 5802241
.75 4 J7 47£1000
.7 4 N 38937¢€0
.9 6 .7 13555F00
.8 6 7 825754n
.75 € 7 ERREANN
.7 € 7 545120
9 10 7 213n160N
.8 10 .7 1297€100
.75 1n Jg 10474290
7 1n .7 886€270
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Tabie 10 - Mumber of Samples for Various Modules

g=10%, A=4, e=.50.

6=0.80 g=N.aN
Module Number of Samples Numher of Samples
M Interior 33 54
LM Interior 17 27
LM Exterior Descent 32 52
LM Exterior Ascent 3k 59
Engine Bell-LM Descent 7 1n
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