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PART I

MICRODENSITOMETER-MEASUREMENT TECHNIQUES
AND DATA-REDUCTION PROCEDURES

David A. Arnold, Smithsonian Astrophysical Observatory

1. SUMMARY OF PROJECT ACCOMPLISHMENTS

The broad objectives of the Apollo Contamination Analysis project were
a quantitative analysis of the clouds formed by liquids vented into space
during Apollo missions and the generation of models representing the behavior
of these clouds. This information is expected to be useful in evaluating the
possibility that such clouds may contaminate various experiments carried on
manned space missions. The behavior of the clouds is also interesting as a

scientific topic in its own right.

The liquids released into space are primarily oxygen, hydrogen, or
water. In the vacuum of space, a fraction of the released liquid immediately
vaporizes, freezing the remaining material into a cloud of small solid

particles.

The investigation was initiated as a joint effort between the Smithsonian
Astrophysical Observatory (SAO) and Bellcomm. The principal investigator,
Dr. Charles Buffalano, and his coinvestigators at Bellcomm devoted their
main efforts to modeling the cloud phenomena. The SAO effort concentrated

on the reduction of observational data.

The proposed scope of the project, as amended in January 1970,

emphasized reduction and analysis of the extensive photographic observations



of the clouds produced by the Apollo 12 mission. The project also encom-
passed additional, but supplementary, efforts to obtain and study observa-

tions of the clouds associated with the Apollo 13 and 14 missions.

The number of Baker-Nunn photographs to be analyzed from Apollo 12
required that film measurement and data processing be automated. Hence,
SAO first adapted its microdensitometer to automatic digital operation.
Appropriate computer programs were prepared to process the image-density
measurements. The specific procedures used in the data reduction are

documented in Part I of this report.

A substantial selection of the Apollo 12 data have been processed. Both
hydrogen and oxygen clouds are represented in these data. This data base

is the subject of Part II of this report.

Some limited data were obtained from Apollos 13 and 14, but the Apollo
12 data remain by far the most comprehensive. References describing the
observational material available on each of the Apollo missions are given in

Part II of this report.

While Apollo 12 data analysis was in progress at SAO, the Bellcomm
investigators refined their theory and models of the cloud phenomena
(Buffalano, 1971; Sharma and Buffalano, 1971). The models were initially applied
to oxygen data from earlier Apollo missions. However, the accuracy of these
earlier data is inferior to that from Apollo 12 data (Lundquist, 1970). Sharma,
Kratage, and Buffalano (1971) have also discussed the reported observations

of water dumps from Apollo 12.

As a final step, the oxygen and hydrogen data from Apollo 12 Baker-Nunn
photographs can be used with the cloud models. This is the subject of Part III
of this report.



2. PHOTOGRAPHIC DATA

2.1 Baker-Nunn Films of Apollo Clouds

Three types of photographsare takenon each Baker-Nunnfilm of Apollo
clouds. The first type consists of time exposures without the diffuser over
the lens. These are the frames on which the cloud images are measured

with the microdensitometer.

These regular time exposures of the cloud are alternated with frames
taken while the diffuser is over the camera lens (Southworth, 1966). The dif-
fuser spreads out the light from a star so that it can be measured with the
microdensitometer and integrated for the purpose of calibrating the film. The

cloud images on diffuser frames are not measured.

At the beginning and end of each film are frames containing step-wedge

exposures for obtaining the D-log E curve of the film.

2.2 Step Wedges

The step-wedge images on films of Apollo clouds are produced by using
an Fastman processing control sensitometer Model 60. The instrument con-
tains a calibrated lamp, filters, and a step tablet. The step tablet contains
21 strips whose density varies from about 0.05 to 3.05 in steps of 0.15 (a fac-
tor of N2 in intensity). The film is inserted in a slot behind the step tablet.
When the button is pressed, a precisely timed 0.1-sec exposure is produced

on the film,

Since the time exposures of the Apollo clouds are all considerably longer
than 0.1 sec (up to 32 sec), the calibration from this sensitometer does not
apply directly to the cloud photographs, because of the effect of reciprocity
failure. A way to calibrate for longer exposures is to increase the density of

the neutral-density filters and take multiple 0.1-sec exposures.



3. MEASURING AND RECORDING EQUIPMENT

The equipment used to measure Apollo cloud photographs consists of
three separate units: a Joyce-l.oebl microdensitometer model MK III C.S.,
an automatic drive manufactured by Technical Operations Inc., and the DHE
(Data-Handling Equipment) manufactured by Astrodata for the Celescope
Project.

3.1 Microdensitometer

The Joyce-Loebl microdensitometer measures density by comparing
the density of the sample to that of a calibrated gray wedge of continu-
ously varying density. The light from a lamp is split into two beams, one
of which passes through the sample, and the other through the gray wedge.
A photomultiplier alternately reads the sample beam and the gray-wedge beam
and moves the gray wedge through a servomechanism until the intensity of the
two beams is equal. The gray wedge is physically connected to a pen that
records the density on a piece of graph paper. The table holding the graph
paper is connected through a ratio arm to the specimen table. As the speci-

men is scanned, the density at each point is recorded on the graph paper.

After the beam has passed through the sample, it is magnified by a
factor of 10 and passes through a variable-sized opening before being meas-
ured by the photocell. The opening is a rectangular slit whose width and
length can be adjusted. Alternatively, one can insert fixed-aperture plates
to determine the opening. The microdensitometer being used has circular
fixed-aperture plates of diameter 0.33, 0.5, 1.0, and 2.0 mm. With a mag-
nification factor of 10, the sample areas being scanned are circles of diameter

33, 50, 100, and 200 p for each of the plates.

The position of the pen can be adjusted by a zeroing knob so that the
range of the pen is suitable for the aperture and density being measured.
For very small apertures and high densities, the sample beam is so weak

that noise in the amplifier may be a problem. At the other extreme of very



clear samples, it may be necessary to add filters in the path of the sample

beam so that the signal can be balanced against the gray-wedge beam.

The ratio arm between the sample table and the recording table can be
set for ratios 50, 20, 10, 5, 2, and 1. The recording table has a maximum
traveling range of about 26 cm. The length of a scan on the sample is 26 cm

divided by the lever ratio.

The sample table can be moved perpendicular to the direction of scan
either an arbitrary amount or in multiples of 1.25 or 25 p. When the sample
is moved in discrete jumps, a counter records the number of jumps. The
displacement perpendicular to the direction of scan is then the number of

jumps times the step size selected (either 1.25 or 25 ).

3.2 Automatic Drive

This unit is part of an isodensitracer designed for making contour maps
of the density of a sample. The unit being used contains only the part of the
isodensitracer that drives the microdensitometer to scan automatically a
rectangular area. The automatic drive controls the table movement and the
stepping motor that moves the sample over to scan a new line. When the
automatic drive is put into the automatic mode, the table is driven forward
until the end of the scan is reached. The table is then put in reverse and the
sample moved over to scan a new line. The automatic drive hasfive stepping
switches that will cause the sample to be moved 1, 2, 4, 8, or 16 steps be-
tween each scan. With the proper combination of switches, the number of
steps between each scan can be varied from 1 to 31. When the desired area
has been scanned, the automatic drive is taken out of automatic mode to stop

the scanning.

3.3 DHE Equipment

The DHE equipment is used for automatically digitizing and recording
the density measurements made by the microdensitometer. There are three

inputs to the DHE: apotentiometer linked tothe density wedge to read density, a



potentiometer turned by the table as it scans the sample, and a switch for
turning the DHE on when the table is going forward and off when each scan

is completed. The potentiometer that records the position of the table
revolves several times during one scan so that the output is a sawtooth, which
must be rectified to a continuous function during analysis. The readings of
the density potentiometer are continuous. The DHE supplies 4 v across each

potentiometer, and the readings are digitized in the range 0 to 255 decimal.

When the DHE receives the signal to start, it digitizes the readings of
the position and density potentiometers 10 times a second and stores the
values in its memory unit. When the signal to stop is received, the informa-
tion is written onto 9-track magnetic tape. Each scan therefore results in one
record on the 9-track tape. The beginning of each record contains header

data, which can be set by thumb wheels on the DHE.

3.4 Circuit for DHE Switch on Automatic Drive

The connection to the DHE for starting and stopping a record consists
of wires #1, 2, and 3. Wire #1 is common. When #l is connected to #2,
the DHE is on. When #] is connected to #3, the DHE is off. Owing to the
speed with which the DHE operates, ordinary switches and relays were found
to be unsuitable because the contacts bounced. Therefore, a mercury-wetted

relay was added to the automatic drive for controlling the DHE.

The K2 relay in the automatic drive operates only when the table is being
driven forward in the automatic mode. The coil of the K2 relay operates on
25 v AC. Some of the current operating the K2 relay is rectified to operate
the DHE relay by the circuit shown in Figure 1. The time constant of the

rectifier circuit is

6 2

4 =5.5%X10 “ =0.055 sec

T=RC =1.1X10"x5x%x10"

The time constant is greater than 1/60 sec for one cycle of the AC supply
voltage and shorter than 1/10 sec between the points digitized by the



DHE. However, because of the delay in turning off the DHE, it is possible

for one point to be taken after the scan is completed and the table starts to

reverse.
;{ —e PIN 8
K2 | = DHE
11,000 + 11,000 g
25v AC RELAY ,Q 5 uf Q £ RELAY
COIL ——I— & COIL
—oPIN 7

Figure 1. Rectifier circuit for DHE relay.
To be able to operate the microdensitometer without having the data

recorded by the DHE, a DPDT toggle switch (the DHE switch on the automatic

drive) is used to override the DHE relay. The circuitry is shown in

DHE
\ON RELAY
(SPOT)
b
l J DHE
P ?

Figure 2.

— 9 [ ]
WITCH
$ | S
OFF \ 1/ ON \ / (DPDT)
1
BLACK GREEN RED

O

PIN I PIN 3 PIN 2

ool

TO DHE

Figure 2. Circuit for controlling DHE in automatic drive.



3.5 Operating Instructions

3.5.1 Microdensitometer and automatic drive

Since the manuals for these instruments describe in detail the operation

of the machines, there is no need to repeat everything here. Briefly, the

steps are the following:

1.

2.

10.

11.

12.

13.

14,

Turn on power switch on automatic drive.

On microdensitometer, turn on POWER, LAMP, and PEN. If pen goes

off scale when machine warms up, try turning the SYNC switch.
Place sample on specimen table.

Check focus and alignment of sample beam.

Select lever ratio by moving pivot to proper hole.

With switches on automatic drive, select desired number of steps

between scans.

Leave direction switch in REVERSE for automatic operation.

If aperture must be changed, turn pen off during change.

Zero the pen so that it is a little above the minimum when film fog is read.
Set header thumbwheels on DHE.

Run the machine through a few scans without the DHE switch on to see

that everything is operating properly.
Check that the stepper is engaged to move the counter.

Turn the step counter to zero, approaching zero from the negative direc-

tion.

When ready to take data, turn DHE switch on automatic drive to ON. The
DHE will start taking data only when the DHE switch is ON and the table
is moving forward in the automatic mode. When the table reverses, a
relay will turn the DHE off even though the DHE switch is ON. When the
table goes forward again, the relay will turn the DHE on for the next

record.



15. Turn switch to automatic on automatic drive.

16. When the desired sample area has been scanned, turn the switch from
automatic to manual on the automatic drive. This should be done during

the reverse cycle after the stepper has operated.
17. Turn DHE switch OFF on automatic drive.
18. If another sample is to be scanned, repeat whatever steps are necessary.

19. To turn machine off, turn off PEN, LAMP, and POWER switches on micro-

densitometer and POWER switch on automatic drive.
3.5.2 DHE

The DHE equipment consists of four bays. Only the two bays on the right
(bays 3 and 4) are used in the microdensitometer mode. Bay 4 is the 9-track
tape-drive unit. Bay 3 contains the control panel, the analog-to-digital conver-
ter, and the central memory. The steps in the operation of the DHE are given

below.

START PROCEDURE

1. Check that DHE switch on automatic drive is OFF.
2. Turn on circuit breakers.
3. Turn power switch ON (bottom of bay 3).

4. Turn power switch ON (bottom rear of bay 4). Check that the internal

connector cables are attached.
5. Turn power ON (top front of bay 4).
6. Turn power ON (top front of bay 3).
NOTE: Indicator light is out. Press button only once.
7. Press MASTER RESET (bay 3).

8. Turn on memory power (switch labeled FABRI TEK, POWER CONTROL
on bottom of bay 3).

10



9. Press MASTER RESET again.
10. Press MICRODENS button (bay 3).
11. Open tape-drive window.
12. Check that the density is HIGH and tape speed LOW.

13. Clean tape heads. Check for shredded tape indicating a malfunction of

the tape drive.

A. Use Q-tips soaked in alcohol for metal parts.

B. Use FREON spray for rubber parts.
14. Insert ring in tape.

15. Load tape on right reel. Make sure tape is on flat and tight. Thread

tape and wrap around left wheel several times.

16. Press TAPE LOAD switch to start vacuum, and then press TAPE LOAD

again to turn off vacuum.
17. As vacuum is dying down, turn wheels to let tape into both tape channels.

18. Press TAPE LOAD three times to turn vacuum ON, OFF, and ON again

so tape will be properly positioned in tape channels.

19. Check again that tape is tight on right wheel and close tape-drive window.

Hold latch on window until window is closed.
20. Press LOCAL button on bay 4.

2]1. Press FORWARD to run tape past load point. If fape stops at load point,
press FORWARD again.

22. Press STOP.

23. Press REVERSE (not REWIND) to return tape to load point. The load

point must always be approached from reverse.

24. Press REMOTE on bay 4. The WRITE ENABLE button should light on
bay 3 when REMOTE is pressed. If it does not, either there is no ring
in the tape, or the system is not reset, or the tape is not at the load point.

NOTE: The tape has a tendency to creep until the tape drive is warmed up.

11



25. Set header data, using thumb wheels on bay 3. The top row is characters

1, 3, 5, etc., and the bottom row is characters 2, 4, 6, etc.
26. Take data with microdensitometer.

27. Press END OF FILE button on bay 3 to write end of file mark on tape.

STOP PROCEDURE

1. Write end of file (if not done previously).
2. Press LOCAL on bay 4.
3. Press REWIND.
4, Open tape-drive window.
5. Press TAPE LOAD switch to turn off vacuum.
6. Remove tape.
NOTE: If second tape is to be written, go to step 14 of START PROCEDURE
7. Turn power off on top front of bay 4.
8. Close tape-drive window.
9. Turn power switch OFF on rear of bay 4.
10. Press MASTER RESET on bay 3.
11. Turn memory power OFF on bottom of bay 3 (labeled fABRI TEK).

NOTE: Power should never be turned off on bay 3 while memory switch is

on, because the surge might damage the memory unit.
12. Press MASTER RESET again.
13. Turn power off on top front of bay 3.
14, Turn power OFF, bottom of bay 3.

15. Turn off relays.

ERROR LIGHTS — bay 3

1. PARITY ERROR. Try MASTER RESET and MICRODENS to clear the
light.

12



2. BUFFER OVERFLOW. Try MASTER RESET and MICRODENS.

3. TAPE TIME ERROR. Does not matter in microdensitometer mode.

13



4. DATA PROCESSING

4.1 Format of Data on 9-Track Tape

Each byte on the 9-track tape consists of nine bits, one of which is a
_parity bit and eight of which are data. Each record contains header data and
measurements, In the header information, the eight data bits represent two
hexadecimal characters of four bits each. Table 1 gives the conversion

between binary, decimal, and hexadecimal.

Table 1. Number conversion.

Decimal (base 10) Binary (base 2) Hexadecimal (base 16)
0 0000 0
1 0001 1
2 0010 2
3 0011 3
4 0100 4
5 0101 5
6 0110 6
7 0111 7
8 1000 8
9 1001 9

10 1010 A
11 1011 B
12 1100 C
13 1101 D
14 1110 E
15 1111 F

14



The first 24 hexadecimal digits of each record are the numbers dialed
in on the thumb wheels. The thumb wheels go only from 0 to 9. The next
40 characters are filled in automatically by the DHE., Characters 25 and 26
are F and C. Characters 27 and 28 are the record number. If the record
number goes past 99, character 26 is changed to D. Characters 29 through
32 are FF50 for microdensitometer records. Characters 33 to 40 are all
F's. Characters 41 to 64 are not used in microdensitometer records and con-
tain random garbage. This space is used for timing information on Celescope

data.

The data start with character 65. It takes two characters (one byte) for
each density reading and each position reading. KEach pair of numbers is
followed by a separator byte of all 1 bits (FF in hexadecimal). Each point
therefore takes three bytes or six hexadecimal characters. The series
"intensity, position, FF," is repeated throughout the rest of the record until
all the points in one scan are used up. If any space if left in the record, it is
filled with all 1 bits (FF). The DHE writes records of length 3160 bytes or
6320 characters.

Occasionally, the DHE repeats the 24 characters from 41 to 64 that con-
tain garbage in microdensitometer records. In this case, the start of the
data is recognized by the FF separator. The data in any case may begin

with either the intensity, the position, or the FF separator.

The total number of points possible in one record is

MAX.NO. _ 6320-64 _ 6256

of POINTS =~ 6 g - 10422/3

For Apollo films, the 24 thumb wheels have been used as follows:

Character Information
1-2 Last two digits of Baker-Nunn station number.
3-7 The 5-digit film number.
8-10 Frame number.

15



11-12 Star number on diffuse frames, '""00' on
cloud or step-wedge frames.

13-14 Lever ratio.

15-16 Diameter in mm of scanning aperture with
implied decimal point between the charac-
ters. For 0.33 mm, "03" is used.

17-18 Number of steps between scans. For
Apollo films there are always 25 p per step.

19-24 Date of microdensitometer run in the order
MONTH, DAY, and last two digits of YEAR.

4.2 Format of Data on 7-Track Tape

Each 9-track microdensitometer file is copied and stored on a 7-track
tape by program READ9. The length of the 7-track records is 632 computer
words (or more for the longer records occasionally written by the DHE).
Each 60-bit computer word contains five 9-track bytes. The 60-bit word is
divided into five 12-bit sections. The first three bits of each section are
zeros and are not used. The last nine bits of each section are the parity bit

and the eight data bits of one 9-track byte.
To save space on the 7-track tape, only the part of each buffer that
actually contains data is copied onto the 7-track tape, thereby reducing the

size of each record.

4.3 Conversion from DHE Position Units to Distance on Film

The DHE digitizes a signal in the range -2to+2 v to a number from 0 to
255 decimal. When the connection between the DHE and the microdensitometer
was set up, the voltage across the potentiometers was adjusted to be not greater
than 2 v. From the examination of many records written by the DHE, it appears
that the largest position reading actually generated by the DHE is 254. Since the
position potentiometer rotates several times in the course of one scan, itis
necessary before the data are used to add 254 to the position reading whenever
the potentiometer starts another turn. The start of a new turn is determined

by the large decrease in the raw position values. The range of the recording

16



table in DHE units is about 2413, as determined by examination of the recti-
fied DHE records. The range of the recording table on the microdensitometer
is about 260.5 mm. Therefore, there are 2413/260.5 or 9.263 DHE units/mm

on the recording table.

To convert distance on the recording table to distance on the sample,

divide by the lever ratio.
Conversely, to convert distance in millimeters on the film to DHE units,
multiply by the lever ratio and by 9. 263, which is the number of DHE units

per millimeter on the recording table.

4.4 Interpolation Interval for Star and Cloud Frames

Since the DHE records are taken at 10 points per second and the table
speed is not necessarily completely uniform, the points are not at strictly
equal intervals. For convenience in analysis, the data are transformed to
arrays of equally spaced points by interpolating at fixed intervals in the raw
data. Diffused star data are interpolated so that the interval is the same as
that of the diameter of the scanning circle and cloud data are interpolated

at the same spacing as the interval between scans.

The interpolation interval for star data is determined as follows. The
diameter in millimeters of the fixed-aperture disk is divided by the magnifying
power of the lens (X 10) to obtain the scanning diameter on the film. This
distance is multiplied by the lever ratio, which is 50 for all star images, and

then by 9. 263 to obtain the interpolation interval in DHE units.

The interpolation interval for clouds is determined from the number of
steps between scans. The number of steps is multiplied by 0.025 mm/step
to give the distance on the sample. Multiplying by the lever ratio gives
the distance on the recording table. Multiplication by 9.263 gives the inter-

polation interval in DHE units.

17



For star images, 20 interpolated points are computed if the scanning
aperture is 1.0 mm or greater; 40 if the aperture is 0.5 or 0.33 mm. If
the record is not long enough for the desired number of points, zeros are

filled in for the missing ones. All the processing programs ignore the zeros.

4.5 Processing of Step-Wedge Measurements

When the step wedges are measured with the data being recorded by the
DHE, the speed of the table is reduced so that more points will be taken.
The extra points are for obtaining a better average of the density on each
step. In addition, four or five scans are usually taken at the same stepping
interval as the images being measured. The DHE can be set to digitize at
100 points/sec instead of the usual 10 points/sec. However, even at the
maximum speed of the table, the DHE records about 127 points. At 100
points/sec, it would record 1270 points, which is greater than the 1042 points

that will fit in one buffer.

The program averages the several points on each step for each of the
2] steps. Points close to the border between steps are excluded from the
average. Step wedges are always measured starting at the densest end. The
measurement begAins a little before the wedge on film fog. The beginning
of the wedge is detected by the large increase in the density values. The
first step is usually longer than the 0. 5-cm width of the steps on the step
tablet. The reason for this is that the covering in which the step tablet is
encased leaves a small border at the end of the step tablet. For the step-
wedge data to be processed automatically, it is necessary to determine the
extra width of the first step so that the dividing line between the steps is
known. It might seem that the border between steps would be obvious by the
change in density. In fact, because of the noise in the records, this is not a

reliable method.
All points not closer than 1 mm to the edge of a step are averaged to

determine the density of a step. All wedges are measured at a ratio of 2,

so the steps are 1 ¢cm wide on the recording table.

18



4.6 Calculation of Relative Exposure from Step Wedge

In principle, the step-wedge images on Apollo films should provide a
means of calibrating absolute exposure. In practice, however, this is diffi-
cult because of the effects of reciprocity failure. The customary step-wedge
images are 0.1-sec exposures, whereas the cloud images are taken with
exposure times up to 32 sec. Assuming that the shape of the D-log E curve
is not too greatly affected by reciprocity failure, the step-wedge data can

still be used to calculate relative exposure.

The opacity of each step on the wedge is a factor of N2 greater than the
preceding step. This corresponds to a difference in log10 E of 0.15. The
ratio of exposure between any two densities on a film is calculated as follows.

Let DA and DB be the two densities on the film. Let Dn’ n=1...21, be the

densities of the steps on the step-wedge image in order of increasing density.

The exposure of each step on the wedge is

En=C><lOO'15n )

where C is a constant.

For each density DA and D we can determine the corresponding

B)
interpolated step numbers SA and SB as follows. If D, falls between Di

and D.

41 then SA is given by

Similarly, S, is given by

B
D_ - D.
S =j+__B—.L
B D. - D. ’
jtl J

where DB falls between Dj and Dj+l'
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The exposures E, and EB

A
_ 0.15 Sp
EA-CXIO
and
EB= CX].OO'IS SB

The ratio EA/EB is

EA 0.15 (SA-SB)
- 10

os!

corresponding to the densities D

4.7 Average Density of Sky Background

A

and DB are

The densities D.1 along the perimeter of the cloud are averaged to give

the mean density D, where

N
ED.
i

i=1

b=dil__

N

‘The scatter ¢ about the mean D is given by

N
2 @Dy
i=1
N

-1

Whenever a density D.1 has a residual (D.1 -5) greater than 2g, that density

D, is eliminated from the average D to preclude the biasing effect of point

star images. Two points before and after are also eliminated on the assump-

tion that the neighboring points are systematically high even though they may

not have a residual greater than 2¢.

without the points near star images.

20
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4.8 Total Radiance of Cloud or Star Images

The radiance measured on an Apollo cloud or diffused star image is the
sum of the radiances ofthe sky background and the object. Let B(x, y) be the

measured combined radiance and let B be the radiance of the sky back-

sky
ground, which is assumed to be essentially uniform over the image. The

radiance due to the object is B(x,y) - Bsky' The integrated radiance I of an
object is obtained by integrating B(x,y) - Bsky over the whole image. As an
interim procedure, it is convenient to divide all radiances by B and

sky

multiply the integrated results by Bsky after the absolute value of the radiance

of the sky has been determined independently. The integrated radiance I can

be calculated from

B

B(x,y) - B
I-B SKY 4x dy . (1)
K y
SKY sky

Given a grid of radiance values Bij’ the value of I is approximately

_i__x
sky Z Ax Ay . (2)

The radiances Bij and Bsky are calculated from the corresponding exposures

Eij and Esky by dividing the exposures by the exposure time At. Equation (2)
then becomes

) (E; /At) (E g/ At)
1=-8 skyz <y

/At Ax Ay

- _J_X
= skyz Ax Ay . (3)

5 sky
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The exposure time At cancels out as a result of having divided all radiances

by the radiance of the sky background. Equation (3) can be rewritten as

E..
1=B E - -1} axay . 4
sky = <Esky ) 4 @
ij

The quantities Eij/Es can be determined from the step-wedge images as

ky
explained in Section 4. 6.

If I is in units of zeroth~-magnitude stars, then the rnagnifude m of the

cloud or star image is

m = -2.5log101 . (5)

4.9 Radiance of Sky Background -

The radiance BS of the sky background can be found by using measure-

ky
ments of diffused star images of known magnitude. Since the Apollo clouds

shine by reflected sunlight, we should use calibration stars whose spectral

type is as close as possible to that of the sun.

Equation (5) can be solved for I, in equivalent number of zeroth-magnitude

stars,

I=10"™/2.5 (6)

Substituting I from equation (4) into equation (6), we get

ij _o-m/2.5
By Z (E 1> Ax Ay = 10 : ()
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Solving equation (7) for Bsky’ we have

lo-m/Z. 5

o Z [(Eij/Esky) ) l] axay Y
i

B

If Ax and Ay are in degrees, then BS will be in zeroth-magnitude stars per

ky
square degree.

4.10 Distance in Kilometers between Points on Cloud Image

The distance between the points on a cloud is calculated from the number
of steps between each scan since the interpolation interval is the same as
the distance between scans. Multiplying the number of steps between scans
by 0.025 mm/step gives the interval in millimeters on the film. Dividing

by the Baker-Nunn focal length of 493. 6 mm gives the interval in radians.
The range to the cloud is given in megameters., Multiplying the interval
in radians by the range in megameters times 103 gives the distance in

kilometers between the points on the cloud.

4.11 Format of Cloud Data Tape

The interpolated density values produced by program PLOT9 for cloud
images are stored, one record per scan, on a 7-track tape. The beginning
of each record contains header data that identify the record. The format

of the records is given below:

Word Contents

Station number (integer)
Film number (integer)
Frame number (integer)
Lever ratio (real)

Scanning diameter in mm (real)

o W

Distance between scans in mm (real)

23



Word

O 00 N O

10
11
12-END

Contents

Date of microdensitometer measurement
Month (integer)
Day (integer)
Last two digits of year (integer)
Number of points (integer)
Record number (integer)

Density array (real)

24



5. ANALYSIS

5.1 Symmetry Axes of Cloud

Given a matrix of intensities E(Xi’ Yj) of a cloud where the rows and
columns are equally spaced, the X.m and Yem values of the centroid of the

cloud are

E Xi E(Xi: YJ)
*em T J ?

E E(x,, yj)

ij

and

. Ex.,v.
E y; By
y = -4
cm
E E(xi,yj)
ij

The moment tensor I is

XX Xy

-
i}

yx vy

where
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2o,

IYY = E E(x.l,yj) (xi " X
i
Ixy = Iyx = _z :E(Xi’yj) (xi i} Xcrn) (Yi ) ch)
ij

The eigenvalues of I are computed from the equation

I _-x 1
XX Xy

Iyx I -\

which gives

(1 -)\)(Iyy—)\)—l I =0

XX Xy yx

I 1 -N(I__+1 )+)\2-I I =0 ,
XX yy xx @ yy Xy yx

~which can be written

Am%+BL+C=0 ,

where

A =1

B=-(1I__+1_)
XX YY

I 1 -1 1
XX Yy Xy yx

The solution for \ is

-Bi‘/B2-4AC
. = .

+ ZA
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Using either of the two equations given in the matrix equation

xx )\i Ixy x

I I -\
yx Yy +/\Y

We can solve for y as a function of x to obtain the lines defining the eigen-

vectors of the moment tensor. Using the first equation, we have

or
_ )\':t ) Ixx =m
y = X = Itx ’
xy
where
m = )\':t } Ixx
+
xy

5.2 Plotting Symmetry Axes

We wish to plot the intensity of a cloud image along a line passing

through the origin of coordinates with slope m From the triangle below

4
we see that the sine and cosine of the angle 6 between the symmetry axis

and the x axis are

§in 6 = ———tr
1+m:t
cos O = 1
Viem?
my
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If we start at the origin and plot points at unit distance from each other along

the line, the x and y coordinates of each point to be plotted are

n cos 6

X
n

yn=nsin9

If the intensity of the cloud is given as a matrix of numbers E(Xi’ Yj) and

the point (xn, yn) falls between the four grid points
B(sv;) B Vie1)
E<xi+l’yj> E<Xi+l’yj+1> ’

the interpolated value E(xn, yn) can be obtained by interpolating first in x

and then in y (or vice versa). We get

X - X.
E(xn v5) = B v3) + ——-x:_l - lx.l [E(Xm’ Yj) - E(x; Yjﬂ
and

X - X.
E(x,. Vi) = E(x;, Yip) + xn—xl1 [E(xi+1’yj+1) - E(Xi’yj+l)J ’

i+l
from which
Y, ~ Y
Pl Ben) 2 el )]
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PARTII
MICRODENSITOMETER MEASUREMENTS

Marjorie A. Zamanian, Smithsonian Astrophysical Observatory

This section of the Apollo Contamination Analysis Final Report contains micro-
densitometer measurements of the Baker-Nunn films taken by the observing stations
in Spain (SC-4) and Brazil (SC-29) during the Apollo 12 lunar flight. The events
recorded on these films are a liquid hydrogen ( LH2) dump and the combined liquid
hydrogen and liquid oxygen (LOX) dumps that occurred on 14 November 1969. The
procedures used for measuring and reducing the data are given in Part I of this
report, and the analysis of the data in terms of models predicting the behavior of the

clouds is given in Part III.
1. INTRODUCTION

Two types of data are presented in this report. The first is calibration data
derived from measurements of diffused star images for the purpose of determining
the absolute radiance of the sky background; the second is the radiances of the cloud

given as a two-dimensional array of points.

The calibration data list the stars measured and the value of the sky radiance
obtained from each star. The values of sky radiance from several stars are averaged
to give the mean sky radiance for a frame. A curve has been fitted to the values of sky
radiance as a function of time, and the results are presented in graphs. The curve is

used for obtaining an interpolated value of sky radiance for each cloud frame measured.

The radiances of the cloud images at an array of points are normalized such that
the range is 100 units. The contribution of the sky background has been subtracted
from these values. The numbers can be converted to sky-background units (i.e., the

radiance of the cloud relative to that of the sky background) by dividing by the scale
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factor given in the heading above each matrix. Also presented in the heading is the
radiance of the sky background in zeroth-magnitude stars per square degree. There-
fore, to convert a point to zeroth-magnitude stars per square degree, one would

multiply by the sky background divided by the scale factor.

Most of the matrices are presented on two pages. The first page consists of the
left side of the matrix, and the second, the right side. The distance between points
is the same for the columns and rows. In the matrices giving the combined LOX — LH2
dump, the circular LH2 cloud is above the fan-shaped LOX cloud. The frame at

21h2 1™3751 is rotated 90° with respect to the other frames.

The tables before each set of matrices list the length of each exposure since there

may be systematic effects due to reciprocity failure.
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3. CALIBRATION DATA
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Sky-background radiance, Apollo 12 LOX-LH, dumps, 14 November 1969.

(Film SC 4-49989, Spain.)
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dumps, 14 November 1969.
(Film SC 29-11156, Br%lzil.)
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4. LIQUID HYDROGEN DUMP

Station

Mean Exposure Time

Exposure Length

Spain (SC-4)
Spain (SC-4)
Spain (SC-4)
Spain (SC-4)

Spain (SC-4)

h

20" 16™03%9

20 21

20 26

20 35

20 41

30.4

48.5

55.4

14. 4

352

3.2

3.2

3.2

3.2
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5. LIQUID HYDROGEN-LIQUID OXYGEN DUMP
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APOLLO 12 LIGUID OXYGEN AND HYDROGEN DUMPS - NOVEMBER 1441969
FILY NUMBER: SC 29-11156 TIME: 21 32 3045 UeTe SCALE FACTOR: 15.0 PAGE 2
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PART III
ANALYSIS OF THE DATA

*
Charles Buffalano, Bellcomm

1. INTRODUCTION

This section of the Apollio Contamination Analysis Final Report discusses the

results of the analysis of the observations of Apollo flights 8 through 13.

The observations were in direct support of the manned space flight program and
in particular of the Skylab experiment program. The purpose was to determine the
size, lifetime, and motions of small crystals formed from liquids dumped from the
Apollo spacecraft during the lunar missions. These liquids include hydrogen and
oxygen vented from the S-IVB and water vented from the Command Service Module

(CSM) environmental control system.
Data on the liquid releases were obtained both by photometric reduction of plates
obtained at ground-based observatories and by written reports from visual observers

around the world.

The project history and data-reduction techniques are detailed in Parts I and II
of this report.

—
Currently at Goddard Space Flight Center.
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2. SUMMARY OF RESULTS

2.1 Physics of Water Ices

During Apollo lunar missions, approximately 10 kg of water was vented once a day
from the spacecraft's environmental control system. The water dump typically took
10 min. The water froze as it was ejected, and the ice particles flew off into space.
Ground-based observers saw several of these releases by use of large telescopes,
and some photographs were taken both from the ground and from inside the command
module. Based on two ground-based visual observations, we estimate that the water
particles sublime slowly and their radius history is given by r(t) = r, exp (-t/7),
where To» the initial radius, is 750 p and T, the sublimation time scale, is about
1000 min. The particles have a bulk velocity of 600 cm/sec away from the spacecraft
and a random velocity of 120 to 200 cm/sec. The particle expansion is collisionless

and so tenuous that sunlight undergoes only single scattering in the cloud.

The analysis of the ground-based visual observations is given in Sharma, Kratage,
and Buffalano (1971). Strelow (1968) documents the value of the bulk velocity. A
detailed discussion of the error limits involved in the visual observation can be found

in Buffalano, Kratage, and Sharma (1971).

2.2 Physics of Oxygen Ices

During Apollo lunar missions, the S-IVB was jettisoned after separation from the
CSM. The thrust for this maneuver was produced by 3000 kg of liquid oxygen, which
was blown out of the S-IVB engine. The blowdown lasted about 2 min. The oxygen
froze as it was ejected, forming a large cloud (see Figure 1) that was observed from
the spacecraft and the ground on several missions. The cloud was so large and bright
that it was even visible at dusk to the naked eye. Based on a detailed analysis of
photographic observations, we have calculated that the oxygen particles have a bulk
velocity of 1.4 X 10% cm/sec and a random velocity of 0.3 X 104 cm/sec. The
particles sublime rapidly and have radii given by r(t) = T, exp (-t/T), where T is

85 min and r,, the average initial particle radius, is 1400 p.

07
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(a) (b)

(c) (d)

Figure 1. Photographs of the liquid-hydrogen and liquid-hydrogen—liquid-oxygen dumps.
(a) and (b), from Film SC 4-49989, are of the liquid-hydrogen dump at
20h26m4855 and 20h35m39.s4, respectively; (c¢), from Film SC 4-49989, and
(d), from Film SC 29-11156, are of the combined liquid-hydrogen and
liquid-oxygen dump at 210170788 and 21h28m2382, respectively.
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Buffalano (1971) gives an analysis of the dynamics of the cloud and estimates
values of the bulk and random velocities. The calculation of the initial particle size

and sublimation time scales, not yet published, is included in Appendix A.

2.3 Dynamical Models of Ice Expansion

To reduce the photographic and visual observations, it was necessary to develop
two models of the dynamics of particulates released in space. The first simulated
the expansion of the oxygen released in a very short time (~ 2 min) from the S-IVB's
engines; the second, the long time release (~ 10 min) of waste water from the environ-

mental control system vent.

In both cases, the particle densities are so low shortly after their release that
the expansion can be considered to be entirely collisionless. Radiation pressure,
the largest body force exerted on the particles at these ranges (Newkirk, 1967), was
insignificant. The particles were assumed to be released from a cone-shaped volume
(simulating the plume formed by the engine and vent nozzles) with a Maxwellian velocity
distribution function characterized by a radial streaming velocity and a random velocity.
In the absence of body forces and collisions, the time history of the distribution func-
tion can be calculated by integrating the Boltzmann equation. The integration shows
the distribution function to be constant along particle streamlines. The mass density
at any point in space and time can be obtained by integrating the distribution function
over the velocity space. Integration of the mass density along a line of sight leads to

the brightness of the cloud when the particle scattering cross section is known.

Details of the analysis of the model of the short time release can be found in
Buffalano (1971), and that of the long time release, in Buffalano et al. (1971).

2.4 Thermodynamic Models of Ice Particles in Space

Since the ice particles sublime in space, their light-scattering cross sections
change continuously. To account for these changes, we developed a model of the
thermodynamic process controlling sublimation. Energy absorbed from the sun and

the earth was balanced with energy lost by particle reradiation, sublimation, and
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temperature change. The model supports the approximation that for all ice particles
with radii larger than 1 p, the radii are given by r(t) = r, exp (-t/7), where r, is the

initial radius and T is the sublimation time scale.

Details of the calculation and some parametric studies can be found in Sharma and

Buffalano (1971).
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APPENDIX A

Oxygen Ice Sizes and Sublimation Rates

During the Apollo 12 flight, the Smithsonian Astrophysical Observatory was able
to obtain calibrated photographic plates showing the liquid oxygen released from the
S-IVB. Astronomers at Natal, Brazil, and San Fernando, Spain, used diffuser elements
on some photographs to "spread out" stars of known magnitude to permit accurate
absolute photometry. The process is described in detail in Part III of this report.
Finally, the brightness at the brightest point in the cloud was plotted as a function of

time as shown in Figure Al.

The theoretical model gives for the peak brightness (Buffalano, 1971)

+o0 2
B _ Qo 0, t) M, NUAYN (r/t) -V, Al
B 572 22 4.3 vt) Hexp v ’ (
O 27 t" V., z7wr,p t t
t3 "0"m -

where H is a complicated function given in Buffalano (1971), 25 is the solar solid
angle (6.8 X 10_5 ster), Mt is the total ejected oxygen mass (3300 kg), and Vt is the
thermal speed of the oxygen (0.3 X lO4 cm/sec). The integral has been calculated
numerically arid has the value 3.95. If the particles are larger than a few microns
in radius, the light-scattering cross section ¢ is essentially geometric and the

particle's sublimation is exponential (Sharma and Buffalano, 1971):

o, t) = nr(z) exp (_g}_)

-
The density p = of solid oxygen is about 1 g/ cm®.

Use of all the values in equation (A-1) gives

-5 2
B 0.212X 10 “ sec” cm 2t
B " 5 exp <‘ 7) . (A-2)

0] rot
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A least-squares fit of equation (A-2) to the data shown in Figure A1l gives a sub-
limation time scale T of 85 min and an initial radius Ty of 1400 p. The data points and

the theoretical curve are shown in the figure.
References

BUFFALANO, C.
1971. A physical model of Apollo oxygen release. Journ. Geophys. Res.,
vol. 76, p. 27.
SHARMA, R. D., and BUFFALANO, A. C.
1971. The temperature and size histories of liquid H2, O2 and H20 particles

released in space. Journ. Geophys. Res., vol. 76, p. 232.

92



*9uWII) Jo uoouNny B st pnofo ayj ur jurod 3sejysraq oy3 ye ssoujysSriq oyl

*1V 9ansrg

(LN) 3NIL
WOb 2 WO5,'2 w022 WeIME:
] [ I
— —0’ 1
GGO
| oz
\vJ /
IvOI1L3IY03HL v
— —0'¢
v o
— v —0't
O
— —0'6G
- —0'9
- —0'L
OO
- ﬁ/ —o's
dXd 0s8 6866v - 0S5 V
dX3 Nm.m 6866b-t OS ©
dXx3 O0gB 9GllI-6¢ 2 V
dXx3 se 96lil-6e 2§ ©
1 | |

€0I1-HI

($53UsyBIIq IDJOS PIDPUDIS . OI) Xoulg

93



