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APOLLO-SKYLAB CONTAMINATION PHOTOGRAPHY (S226)

INTRODUCTION

The purpose of the Skylab Contamination Photography Experiment ($226)
onh Apollo 16 was to obtain data concerning exterior contamination induced by and
associated with manned spacecraft. The functional test objectives were to
measure the background brightness from the spacecraft coma, to obtain data on
particulate size and dynamics during a dump of liquids, and to determine the
decay of the background brightness resulting from these dumps [ 1}.

The 35-mm Nikon camera with the 55-mm lens was used for the back-
ground brightness measurements. For the particle dynamics measurements,
two 16-mm Data Acquisition Cameras ( DAC) and the 70-mm Hasselblad Elec-
tric Camera (HEC) were used. Kodak type 2485 film was used for all portions
of the experiment.

Exposures to record the background brightness of the residual contam-
ination cioud were to be taken (1) in lunar orbit at sunrise or sunset in and out
of sunlight, (2) after the transearth injection burn but prior to the first waste
water dump, and (3) at a time late in the transearth coast. These exposures
were expected to give, through photographic photometry, data on the amount of
light scattered by the contamination cloud for several scattering angles, estab-
lish the buildup of contamination in lunar orbit and in transearth coast, and
establish a baseline contamination environment.

The waste water dump was performed using the auxiliary urine dump
nozzle on the Command Module (CM). During the dump, a 70-mm HEC and a
16-mm DAC were employed to record the actual dump event and give data on
plume structure and particic dynamics. A second series of photographs was
taken using two 16-mm DAC's Lo provide stereoscopic views of postdump con-
ditions for analyvsis of parlicle size, dynamics, and stay times. The experi-
ment was planned so that the distance of particles from the camera could be
ascertained. Dislance from the camera is an essential parameter in determin-
ing sizes and trajectories.

As a result of real-time changes in the mission, all lunar orbit photog-
raphy and the early transearth coast sequences were not performed. Table 1
gives the planned sequence and the sequence actually obtained as a result of
real-time changes in the mission, Table 2 is a synopsis of the spacecraft
altitudes, cameras, and camera settings used for the photographs obtained.



TABLE 1.

SKYLAB CONTAMINATION PHOTOGRAPHY

Objective

Sequence

Results

Background

Growth Rate of Residual/Baseline

Phase Function of Residual
Debns Cloud and Growth

Dynamics and Structure
of Nozzle Dump

Stay Time, Dynamics,
and Physical Properties

Double-Umbra
Lunar
Orbit Sunl.jat

(60° and 90°)

TE1/Post Water Dump
(60°%)

Late TEI
(60°, 90°, 120°, 150°)

Auxiliary Hatch Dump

Postdump

Cancelled
( Early Return)

Cancelled
( Crew Slept Late)

Obtained
18 Nikon Frames (35 mm)

Obtained
7 Hasselblad Frames (70 mm)

Obtained
16 mm — Dual Camera Clean
Nozzle




TABLE 2. SUMMARY OF CAMERAS, FI.*, ANi  TTITUDE

“Attitude
Operational Exposure | Focus Elev.l Azim.
Time Camera [Film| (sec) (ft) | fStop Lens (deg}; (ceg)
Sun 43 | 180
. Earth| 78 | 169
56 mm Moon 134 359
Phase | o mm, N | 2488[10% 1% | w | 43 | 3EB33100000-301
Function 1, 1/8 Serial No. 1004 Sun 120 | 181
0. Eartl, 120 | 222
Moon 60 4
80 mm
70mm, H | 2485] 1/125 [] 16 Serial No. 1052
16 mm, D | 2488 T8 SEB33100018-301
Time to
V128 " Run (1;"” Sun 60 | 180
Dump ) Earth 69 142
/806 © 15 Moon | 119 | 367
1/500 10 15 oon
1/125 10 15
1/60 20 15
1/125 10 15
1/500 10 16
1/500 ) 15
1/128 L] 15
1/60 oo 15
18 mm
Sun 17 | 260
D (2 simul- 10, 5, o T1 SEB33100018-301
Postdump taneous) 2485 1, 1/60 (£/0.85) | Serial No. ::o?h ‘zg z::
1032 and 1085 n
D DAC
H Haesleblad
N Nikon

Elevation and azimu.h are with respect to spacecraft as shown in Figure 1.

- a

DESCRIPTION OF EXPERIMENTS

Two spacecraft orientations and *wo camera positions were required to
map the phase function. The bracket which holds the Nikon camera has two
positions. In one position the line of sight of the camera is along the +x axis
(Fig. 1), and in the other it is 30 deg from the +x axis towara the -z axis of
t' - Command Service Module (CSM). As shown in Table 2, the CSM was
ors ited with the +x axis 43 deg and 120 deg from the sun. Using the two



Figure 1. Geometry of the CSM and the coordinate system used.



camera positions, the line of sight of the camera was positioned at 43, 73, 12v,
and 15¢ deg from the sun. Four photographs (one exposure each of 100, 10,

1 and 1/8 sec) were taken at each position. Spucecraft rates were allowed to
damp to less than 0. 05 deg/sec before photogiaphs were taken; interior lights
were dimmed. and the camera shield for the Nikon was used. The magazine
identificatio. "or this film is X,

A bracket-mounted DAC (which looks along the +x direction) and a hand-
held Hasselblad were used for photography during the dump. The DAC was
mounted in window 2 ( loaded with magazine MM), and the Hasselblad ( loaded
with magazine TT) was used in window J. Spacecraft rates were allowed to
damp, interior lights were dimmed, and window shades were installed in CM
windows 1 and 5. Table 2 gives the settings for each camera. A total of seven
frames was taken with the HEC.

To eliminate the effects of previous dumps, the auxiliary urine dump
nozzle was used. This nyzzle is next to the hatch window (window 3) and has
coordinates of

10° 32' from -z toward -y
10. 16 cm in x, toward -x, from x coordinate of center of window 3.

Approzimately 3. 55 kg of potahle water were dumped, using cabin pressure as
the driving force. [Ihis was accomplished by filling a water enhancemenl bag
and connecting the bag to the urine dump line., Immediately after the dump was
initiated, the water in the line (inside ihe CSM) to the dump nozzle froze. The
line was consequently disassembled and -eassembled to restorc the watcr flow.
No further trouble wuas encountered, and the dump proceeded smoothly; some
wat -r was lost, but the exact amount is unknown. According to the Command
Module Pilot, the dump required anproximately 6 to 1¢ min to complete. Table
2 gives the schedule for the photographs taken with the DAC and the Hasselblad.
Table 3 gives the right ascension and declination of the x and z axis for each
spacecraft atlitude. The posiion of the moon, Venus, and Mars is also give::.

After completion of the dump, the CSM was maneuvered so that its +x
axis was in the direction of the dump. Window shades ‘vere installed in CM
window 3. Two DAC rar. ras pointed in the seme direction, one in window 2
and one in window {, were used to take simuitaneous photographs. The DAC
in window 4 was ic:ded with magazine HH.

[}



TABLE 3. RIGHT™ ASCENSION AND DECLINATION FOR THE CSM
x AND z AXIS, MOON, VENUS, AND MARS

Right
Test Ascension | Declination
Objectives Componert | Magnitude | (hr:min) (deg:min)
Phase Function 1 X axis 5:16 23:04
z axis 23:23 ~03:58
Phase Function 2 X axis 12:10 ~70:56
Z axis 02:44 ~15:09
Postdump X axis 15,:02 47:22
Z axis 21:12 26:12
Moon See Note 13:30 14:47
Venus -4.2 5:19 27:16
Mars 1.8 5:16 24:11

Note: The experiment was performed at approximately 12:00 hours GMT
April 27. The moon reached oppostion at 12:44 hours GMT April
28.

Three sets of nine photographs were taken with each camera. The fi1st
set was exposed as soor: as the CSM attained the attitude. Three photographs
each at 5-, 1-, and 1/60-sec exposures were taken. After 5 min, a second set
was obtained using the same exposure times. A set with exposure times of 10,
5, and 1 sec was taken 15 min after the first set was taken. Between each set
there are 2 sec of film run at 24 frames/sec and '1000-sec exposure time.

DATA OBTAINED

All frames of the S226 phot »graphy were plagued by moonlight shining
on the CM windows. This un{ortunate effect resulted because the Apollo 16
returned 1 day earlier than planned.



Figures 2 through 6 show the positions of the three most important light
sources, the sun, earth and moon, in terms of CM polar angles. If the source
is below the bottom line in the figure, the light from the source is shining
directly on the window. If the source is between the two lines, the window
opening, but not the window, is illuminated. As seen from the figures, the only
part of $226 in which moonlight was not directly on the window was the phase
function photography with a sun angle of 43 deg. Even in this part, light was on
the window opening. The angles of incidence of moonlight on the windows are
given in Table 4.

Problems with light on the window opening were also experienced during
photography for contamination studies on Apollo 15{2].

An examination of the postdump photographs shows ( Figs. 7 through 10)
that those taken through CM window 2 are more exposed than those taken through
CM window 4. Figures 7 and 8 are 1-sec exposures from the first postdump
performance. Figures 9 and 10 are 1-sec exposures from the last postdump
performance. The maximum brightness on CM window 2, as determined from
the 1-sec exposures, is approximately 1.5% 10"2 B/B @ . In CM ¢ the maxi-
mum is approximately 4.5 % 10°% B/B @ . This is a factor of about 3.3 dif-
ference. The angle of incidence for moonlight on these winduws does differ
somewhat. However, the transmission of the window should decrease as the
angle of incidence increases. Therefore, CM 4 should have less expousure than
CM 2, the opposite of the actual condition. The scattering angle for materi. {
on the window is the same for both windows so that for windows with equal
amounts of material on them, there should be no difference in the light scaltered
into the camera. To account for the difference using scattered light, one win-
tlow would have to be considerably more contaminated than the other. In fact,
CM 2 would have to have a scattering efficiency S, found from Reference 2,

B=31x 1W0"sBg ,

of 0.005. This is not unreasonable for a window exposed to the space environ-
menl for 272 hours. The crew, in the debriefing, noted that condensation on
the windows was a problem that resulted from delaying normal passive thermal
control maneuvers, They also noted that none of the windows frosled over
during the dump. Contamination on the window plus small amounts of conden-
sation could account for the scattering efficiency. However, it is difficult to
account [or the differences in the windows using this argument because both
windows were exposed to the same environment.
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TABLE 4. ANGLES OF INCIDENCE FOR MOONLIGHT
ON APOLLO 16 WINDOWS

Incident Angle
Moon Angle for Moonlight
Window (deg) Test Objective (deg)
4 60.0 Phase Function 34.1
3 119.0 Particle Dynamics 60.5
( Dump)
2 62.0 Particle Dynamics 70.6
( Postdump)
4 62.0 Particle Dynamics 39.1
( Postdump)

Since sunlight is close to being incident on the window opening ( Fig. 5),
it may be reflecting from some portion of the spacecraft into CM window 2.
The angle of incidence to the sun is greater than 90 deg, and 10-'2 B © seems
low for a single reflection from any part of the CM. Therefore, although
pussible, this explanation seems unlikely.

A more likely explanation for the difference can be found using the fact
that the bright spot on the film is not in the same position in the photographs
taken through each window. (Compare Figure 7 to Figure 8 and Figure 9 to
Figure 10.) The cameras are oriented the same in each window but look
through different portions of them. That is, the camera in CM 2 looks close
to the left edge of the window, and, with the 18-mm lens, the edge of the win-
dow or window opening is in the field of view; in CM 4, the camera looks
close to the right edge of the window, but the edge is not in the field of view.

Since the moon is incident from the right, the left edge of both windows
and window openings is directly illuminated. Hence, the light in CM 2 is
probably moonlight plus glare directly from the edge of the window or the
window opening. The light in CM 4 is moonlight plus multiply reflected light
from the left side of the window.

13



bl

Figure 7.

I-sec exposure through window

in first postdump performance.

o

Figure 8. 1-sec exposure through window 4
in first postdump performance (taken at
same time as photograph in Figure 7).



Figure 9. 1l-sec exposure through window 2
in last postdump performance.

Figure 10. l-sec e posure through window 4
in last postdump performance ( taken at
same time as photograph in Figure 9).



The window opening could be the source of light even though it is painted
black. Black paint with an absorptance of 0.9 [3] could cause the brightness
seen in CM 2 if the window has a scattering efficiency of 0.04. This is an
acceptable value for a dirty window [2].

CALIBRATION OF FILM

A calibrated step wedge was put on the film by the Apollo Photographic
Team. Calibration was placed on the 16-mm magazines MM and HH. None
was put on the 35-mm magazine X although it was placed on the film in the
other 35-mm magazines. All calibration was in accordance with the appro-
priate specifications {4, 5]. Calibration was put on the film both preflight and
postflight. The conversion from exposure on the film Emm to the ratio of the

surface brightness B to that of the sun BO is given by

4f2 E
T 2.02 x 10°t film

B/B@ =

where f is the f number setting, T is the lens and window transmission, and
t is the exposure time. In the following discussion, T is assumed equal to
0.75.

It appears that the preflight sensitometric exposures on the film in
magazine MM were out of focus. For this reason, only the postflight exposures
were used to define the calibration of the 16-mm film. Figure 11 is a plot of
the brightness-versus-density curve found from this calibration with the micro-
densitometer readings. The exposures at 1 sec were used because this is the
exposure time for which the most information can be obtained from the experi-
ment exposures.

Figure 12 is a plot of brightness versus density for the 2485 film. These
data were not obtained from flight film. However, the film was pre-fogged to
a density comparable to the radiation plus fog density on the flight film. Sensi-
tometric datu were then placed on the film and the film processed in the same
manaer as the flight film. Data for the 1-8ec exposures are given.

The plots in Figures 11 and 12 curve in opposite directions. Densities
in Figure 11 are near the shoulder of the density-log exposure ( D-log E) curve,
whil~ in Figure 12 they are near the toe of the curve. Figure 13 is the bright-
ness density cirve for the 70-mm film in magazine TT. An exposure time of

16
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17125 sec and an f number of 16 were used to find 'he curve. Postflight
sensitlometric data were used to obtain the curve. [cnsities in these figures
cannot be directly compared, since the density is specular in Figure 11 and
diffuse in Figures 12 and 13. The specular densities were read on a micro-
densitometer with a 100-um square aperture. All diffuse densities were read
on a MacBeth densitometer with a 2-mm square aperture.

DATA DESCRIPTION

Density data obtained from selected frames were placed on magnetic

tape. A copy of the tape is in the National Space Sciences Data Center { NSSDC) .
Unfortunately, no calibration frames were available for the 35-mm film when
the density readings were taken. Hence, no absolute brightness levels for
the 35-mm film can be found from the density readings on the magnetic tape.
The calibration was on magazine MM of the 16-mm film. Although calibration
frames were on magazine HH, they were not available when the density read-
ings were made. All frames of the 35-mm film were scanned. Frames of the

s-mm film scanned were chosen for the probability of containing good data
or representative data. Table 5 lists the frames scanned. The frame numbers
of the 16-mm film were arbitrarily assigned. Table 6 lists the file numbers of
simuitaneous photographs. All of the original flight film has been returned to
the Johnson Space Center (JSC) for storage.

A Photometric Data Systems Corporation microdensitometer system
consisting of a Model 1010A microdensitometer, a Model 2100A magnetic tape
system, and a Model 3100A computer control system was used to take all the
data.

The variable parameters as they were used for the scanning were

Scan speed 24 mm/sec

Objective 10X, 0.25 NA

Evepiece 5X

Physical aperture 55X 5 mm

Effective ._erture 100 x 100 um

An edge scan was - . fe.- 2, the data in each record start at the
same X coordirzi (F . - stepin x and y is 100 um long.
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TABLE 5. IDENTIFICATION OF FILES ON MAGNETIC TAPE (MAGAZINES MM AND

HH ARE 16 mm, MAGAZINE X IS 35 mm, AND MAGAZINE TT IS 70 mm)

Magazine Exposure Preflight Postflight | Number ?;;T::;Zi
File Identifi- Time Frame Calibra- Calibra- of
Number cation (sec) Number tion tion Records Recorda
1 MM 5 Cl X 83 35
2 Cc2 X 81
3 C3 X
4 C4 X
5 | (o]} X
6 5 C6 X
7 1 C25 X
8 Cc27 X
9 Cc28 X
10 C29 X
11 ! C30 X
12 1 C31 X
13 1/1000 C56 X
14 C57 X
15 C58 X
16 C59 X
17 C60 X ]
18 1/1000 Cé1l X 81 35
19 1/60 41 105 27
20 l 42
21 1 77 \
22 MM 1/60 78 105 27
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TABLE 5. (Continued)

Magazine Exposure Preflight Postflight Number Slvum:‘er of

File Identifi- Time Frame Calibra- Calibru- of ords per
Number cation (sec) Number tion tion Records Recorda

23 MM 1/60 pre 81 105 27

24 5 84

25 - bad file

26 1 85

27 } 86

28 1 87

29 1/60 88

30 1/1000 92

31 5 95

32 1 96 !

33 97 105

34 l bad file 87

35 1 98 105

36 /60 99

37 1/1000 103

38 10 106

39 5 108

40 1 110

41 ‘ 111

42 1 112

43 ? 113 1 s

44 1/1000 114 105 27

45 MM 10 ciol X 11 35
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TABLE 5. (Continued)

Magazine Exposure Preflight Postflight Number ‘I;um:er of
File Identifi- Time Frame | Calibra- Calibra- of ords per
Number cation ( sec) Number tion tion Records Recorda
46 MM 10 C102 X 11 35
47 Cc103 X
48 C104 X
49 ] C1l05 X
50 10 106 X
951 5 C107 X
52 C1l08 X
53 C109 X
54 Cl10 X
55 ] cin X
56 5 C112 X
57 1 C133 X
58 C134 X
59 C135 X
60 C138 X
61 ¥ C139 X
62 1 Ci140 X
63 1/60 C141 X
64 C142 b3
65 C143 X
66 Cl44 2
67 Cl45 X
68 MM /60 C 146 X 11 35
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TABLE 5. (Continued)

Magazine Exposure Preflight Postflight Number &:r;‘f: r :5
File Identifi- Time Frame Calibra- Calibra- of P
Number cation (sec) Number tion tion Records Record”
69 MM 1/1000 C168 X 11 35
70 C167 X
71 C188 X
72 C169 X
73 C170 X
74 MM 1/1000 C.il X 11 35
5 HH 1/1000 115 105 27
76 5 117
77 1 119
78 } 120
79 1 121
80 1/80 122
81 1/1000 125
82 5 127
83 1 129
84 } 130
85 l 131
86 1/60 132
87 1/1000 136
88 10 138
89 5 140
90 141
91 5 142 ‘ &
92 HH 1 143 105 27
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TABLE 5. (Concluded)

Magazine Exposure Preflight Postflight Number a‘;;?::r o::
File Identifi- Time Frame Calibra- Callbra- of pe
Number cation (sec) Number tion tion Records Recorda

93 HH 1 144 105 27
94 HH 1 145 105 27
95 X 100 seq 1 255 127
96 10
97 1 i
98 1/8 seq 1
99 100 seq 2

100 10

101 1 Q

102 1/8 seq 2

103 100 seq 3

104 10

105 1

106 /8 seq 3

107 100 seq 4

108 10 @

109 Y 1 #

110 X /8 seq 4 255 127

a. These are 36-bit words and include 16 words of record identification.




TABLE 6. FILE NUMBERS FOR SIMULTANEOUS FRAMES

OF POSTDUMP

File Number File Number Exposure
Mag MM Mag HH Time ( sec)
26 77 1
27 78 1
28 79 1
32 83 1
33 84 1
35 85 1
38 88 10
39 920 5
40 92 1
41 23 1
42 94 1
36 86 /60
29 80 /60
+X -
\
-Y
Figure 14. Edge scan.

All data were recorded on 9-track tape but have been converted to 7-
track tape at 800 bpi. Record identification and data are as described in the
next section. Each complete photograph is a file, and each scan is a record.
Record lengths within a file are the same but do vary between files, as do
the number of records per file. The first file is 83 records long, but the last
three records are duplicates of each other.
for each file and the number of 36-bit words per record.
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Table 5 lists the number of records




The data were recorded on a 7-channel tape at 300 bpi and with odd
parity. Each tape character has been recorded to represent six binary bits of
information.

The contents of each data record are as follows:

1. Two characters representing the octal number 7777. These are
used to designate the beginning of a record and are not part of the program
data.

2. Eighty characters representing forty 12-hit words of sample identifi-
cation information. Each pair of characters contains the ASCII code for one
identification word; e.g., the two tape characters (000011) ( 000001) would pro-
duce the octal number 0301, which is the ASCI code for the letter A.

3. Two characters representing the octal vaiue for minus the number
of data values following the coordinate information in the record. Each data
value will be comprised of two tape characters, making one 12-bit word; e.g.,
the two tape characters (110000) (000000) = 6000; = -2000; would indicate that
there are 2000y data values following the coordinate information in this record.

4. Four characiers representing a 24-bit binary number which is the
X coordinate on the sample ( in micrometers) where data taking begins for the
current data record. The most significant bit is a sign bit.

If the sign bit is the number one, the coordinate value represented has
a negative value. The binary absolute value of the coordinate, in this case,
is found by two' s complementing the 24-digit number and incrementing the
result by one; e.g., the tape characters (000000) (000010) (011100) ( 010000)
represent the coordinate +000234205 = +10000,o um. The tape characters
(111111) (111101) (100011) ( 110000) represent the coordinate -00023420; =
-10000g4um.

5. Four characters representing a 24-bit binary number which is the
v coordinate on the sample ( in micrometers) where data taking begins for the
current data record. The interpretation is the same as explained previously
for the x coordinate.

6. Four characters representing a 24-bit binary number which is the

x distance (in micrometers) between density readings. The interpretation is
the same as explained for the x and y coordinates.
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7. The remaining characters in the record should be broken into groups
of two characters each. Each group of two represents one density reading
from the sample. To interpret the values, do the following: Use two tape
characters (o obtain a 12-bit binary number, convert the number to decimal
form, and divide by 400.0. The result is the desired density value; e. g., the
two tape characters (000111) ( 110100) represent the number 7643 = 500,5. Then
500/400. 0= 1.25 ( density value).

This completes the record contents. Between any two data records for
a given sample there is an interrecord gap. A file gap follows the last data
record for a given sample.

As an example of the data, consider the computer printout ( Fig. 15) of
a dump of file 110, record 34. The first characters are the 7777. The next
40 groups of 4 numbers comprise the sample identification information written
in ASCII, which in this case is

35 mm-Mag-X-Frame- 16-Exp-1/8 sec:.
The number of data values would be
72033 = -05758 = 38 110 N

or 381 data values in this record ( coordinate information not included as data
value) .

Data taking begins at x coordinate of

(0000) (0000)5= 10, .

FILE WD, 1219 Nnocw NI, 3 ST2¢ = 303 wORES O (1117 000 sIniTY

LOLEL o PITIUIENGILY  UL3ILEITSEISE C3130LI0NT EISSLILO2SS OINAD3I226308  GIASL3NS02SS 0IC10265023% 030S033CCIC
9110 T 43102610257 027902370255 032303080303 023602000240 D200D20Y0IN0 V2eYDV07203 CUNCCOTITIT?  §838000003N
e e Ov2eutPOUSse OLIEUS260930 2ILLARIZISTO  JEFUIIEZEVIC AVILDIENZON0 STICITCEIN00 870037001030 1601 N221E8E
u0us3e VESIIEIUISN2  DE22T0VIIINE D 21801200782 QTIUNEINGC0R DE0A0ST20506 OS6eNSOS32 OSNNOSMN0eIE  S0COBI 200 Te
reref GLICUSLODSrE  DEI20SULLOTY  CLO2DREAGOEE LE2ILAESTN5E OAPINEPTVE02 CBwOUAINDRs OQ000IC00EN  Dekale 720038
WUCTN ug D020l NOAGASTE0SAE NREI006ANI0e  DR00LINASE JeE2030200Ee De20000usds OS0600500e5E CWI 206285060
LELEL & Nedaustupacy  DA2RSRIL O3  FOCR00601.530 UNSECINCASe OeeafafiDeds Qa2 0 OenOe3E3en2  Oe32aqnekltes
1118 S pe2aueizuned e onuiufens OeSECAZ20838  BREUNSUENS?  GAIG0RSOONDN G3GeNSUODNIY 063208300060 CO203532%e82
et vy z USIfUsTILeIT  OsOuDSCaLoGs LREZLITELDEE ONINLOZRLUGY DORcNeZ2003C 007300520802 00320000083 08ECCH320022
Wit  welruesaus2t Qe37detalale O0820432G0E6  GA3I2GAGUNN2e  ndI0NEE0IL 083203700430 DAJCON GO 2 OuiGSA620022
LIZY X LagiueabusIl DeeubusiCoty  LOISLAADME OeeZCelitals LOVA00330a33 U#3N00S20LEE0 OOECDRREDLS2 DACOCASE 2072
0130 «g WeCIUNIGUITE  QeRBuARLONed NeI20052U052 GA520058046C OR260NNDEI2 DAUZ00I90NA2 O3560020C0 52 De8600203020
VLIN0 € Ua2EVedLusia  DOIGIO200082 BR22UNINDMTE  DOSELAINDN22 DOZIGA0MDO 26 OV S2UMERNEEE  DSI006I20006 Qu360a)eCR22
woise NegIGednth  DoneBe30072 083000S0UE De5aNNe 0025 OCeeuBASZe3I0 O0I00NIRNRAR 09360020006 . Oe)eden0esd
“Lite VOECLATELONE  0026C0220030 CeI2N0SEG032 ULGLDNZEERID OAC-I0060T0E0  HOCaUAIMOAST USIEDNI23900 DAGECAGECHT2
<2100 Qesusiuiel? G34NNIENSNZ OA220029050u 0S320e308¢0C 002000402 03000030820 OVINO2NAE 0P 208300032
[ g (X OnaaLeglLeld  D3200aLteds  POSFOSI200IE  DoLEGCatbDNEE OASION32007% (O0ICOADR00E0 ©91000260376 007208200030
02200 _Ue%050 100030  Oa3eGSe200%c 037200520002 ©NSUNSILO3IE  GVIED3000306 * 097203220056 DNGe0NE203 20

Figure 15. Computer printout of density readings on magnetic tape.
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The y coordinate where this record begins is
(7777) (1434) = -000063445 = -3300,gum .

Figure 14, which shows the geometry of the edge scan, also shows why the y
coordinate is negative.

Density readings in x were taken at a distance apart equal to
(0000) (0144)5 = 100, pum

The first data value is
04344 = 284,

which corresponds to a density of

= 0.710 .

All other density values are found in a similar manner.

DATA RESULTS

Phase Function

The total exposure on the film is due to energetic radiation, @ t g . ted
star light, zodiacal light and other sources, including light scattered by tie
window. The total integrated starlight and zodiacal light are known, - .’ the
energetic radiation can be found by using unexposed portions of the film. There-
fore, the exposure due to scattering by a residual cloud of contamination can
he found by subtraction if there are no sources of extraneous light. If other
light sources are present whose magnitudes are unknown, then obviously the
subtraction process cannot isolate the effects of the residual cloud. This is
the case with the phase function photography. The intensity due to moonlight
cannot be factored out since the amount of scattering by the window is unknown.

Density readings taken from the middle of each frame of 1-sec exposure

time show that the total background brightness is on the order of 10~'2 B/B @
for the photographs looking down the +x axis. For the photographs looking up
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30 deg from the +x axis, slightly Jower background levels were recorded.

Table 7 lists the total range of brightness recorded for each 1-sec exposure.
The sky brightness at the locations of the +x axis is given in I'able 8. Back-
ground brightness from the film is an order of magnitude higher than the sky

hackground.

The effects of the scattered moonlight on CM window 4 can be seen in
Figures 16 through 18. These are three of the four photographs taken in the
first set of exposure<. Exposure times are 1/8, 1, and 10 sec respectively.
The extent of the scattered moonlight increases with increasing exposure,
indicating that the window is completely covered by moonlight. Both Venus and
Mars are in the photographs. Venus is the very bright image near the center
of all three figures. Mars is almost directly under Venus. When the photo-
graph was taken, Venus and Mars hnd magnitudes of -4.2 and 1.8, respectively.
The lowest magnitude stayr seen in the figures is sixth.

TABLE 7. RANGE OF BRIGLTNESS FROM 1-sec
EXPOSURES ON 35-mm FILM

Angle of Sun
from x Axis Range of Brightness
(deg) (B/B o)
43 5-9 x 10712
73 ~ 103 (In Gross Fog
of Film)
120 4-9 x 1071
150 Less than 3 x 1012

Since the amount of scattering by the window was not known and since a
good calibration was not available, this effort was pursued no further.

Particle Dynamics

Figure 19 is a collection, to relative scale, of densities and lengths of
all the possible particle tracks seen in the 16-mm film. It is not known if any
of these tracks were caused by energetic radiation. No identifiable individual
particles are seen in any of the postdump photographs.



TABLE 8. SKY BACKGROUND IN B/B @ AT PHASE FUNCTION
POSITIONS (6, 7, 8]

Angle of Sun
From x Axis
(deg) Zodiacal Light Integrated Starlight
43 4,1% 10~13 6.8x 10~4
73 1.6 x 10~8 1.8x 1071
120 5x 10-142 1.0x 1018
150 5x 10”42 9.8x 10°4

a. These values obtained by assuming zodiacal light is symmetric
about the ecliptic and using values found in Reference 5.

The number of particles seen on Apolle 16 versus the number seen on
other Apollo missions for liquid waste dumps is less for several reasons.
lLess water was dumped for S226 than normally is dumped for urine or waste
water. Also, the dump nozzle was one not previously used, therefore, no frost
was on it; and the lines to the nozzle were such that the entire length was subject
only to cabin atmosphere. Lastly, the geometries for viewing are different.

The tracks were filmed during the maneuver from the ¢ump to the post-
dump attitude. Because the camera was focused at infinity, the distance of the
particle from the spacecraft cannot easily be found. Therefore, efforts to use
the film to study particle dynamics ~ere terminated.

A theoretical analysis of particle trajectories was established early in
the study. This analysis is included as an appendix. Stellar camera photo-
graphs with particles in them are analyzed in the appendix for possible sources.
No plausible source was found. It should be noted that although many stellar
camera frames from Apollo 15 had particles in them, very few particies were
seen in the stellar camera fra.nes from Apollo 16 and 17. There is no known
explanation at this time for this difference.
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Decay of Background Brightness

The time decay of the background brightness due to a dump can be found
by examining the total background brightness as a function of time. If the space-
craft attitude does not change during the experiment, the only source that is
changing is that due to the dump. Hence, the decay is caused by the expansion
and recession of the dumped material.

Figure 20 is a chart of the 0, ¢ angles to the sun during the perform-
ance of $226. The angles were recorded from real time displays on control
consoles at Mission Control Center. As can be seen, the attitude of the space-
craft did not change by more than 2 deg during the postdump photography. This
should cause little change in the amount of scattered moonlight (Fig. 5) and
sources other than the dump material.

Mag HH was used to find the time decay. Density readings were taken
from one of the three 1-sec exposures for each performance ot the postdump pho-
tography. Exposures were made 7, 12, and 22 minutes after the end of the dump.

Six density readings were made on each frame — two at the top, two in
the middle, and two at the bottom. All readings were made using the MacBeth
densitometer at JSC. The points are plotted in Figure 21. The agreement
between the decay found here and the fitted curve found by Naumann (2] is
surprisingly good. However, there is some difference in the experiment. In
the 5226 experiment, the dump nozzle was clean and all lines to the nozzle
were in a warm environment. Thus, no freezing in the lines took place so that
there was no additional material leaking off after the dump ended. Hence the
decay given here is not encumbered by repeated increases in the background
brightness. Also, the cameras were looking through the cloud in the direction
of the dump on Apollo 16, whereas on Apollo 15 they were looking obliguely
through the cloud.

Plume Structure

Of the seven 70-mm photographs taken, three recorded the dump plume.
Figures 22, 23, and 24 are these photographs as taken; i.e., Figure 22 was
taken first, Figure 24 last. The frames were exposed in rapid sequence, one
after the other. It was felt that because of the juxtaposition of the nozzle and
the window, the hatch window ( CM window 3) would frost over. However, the
window remained clear throughout the dump.
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The half-angle of the dump cone as seen in the 70-mm film is 17.5 deg.
If the HEC was held perpendicular to the hatch window, as required in the crew
procedures, 17.5 deg would correspond to a dump cone half-angle of from 3 to
4 deg (this assumes the camera and dump nozzle have the same origin) .
Although such a narrow angle is consistent with crew observations, it is not
consistent with ground-based tests. McPherson [9] repor.s that in a vacuum
chamber the water forms a half-angle of 15 to 20 deg. If the camera were
tilted only 22 deg with respect to the dump direction, then 17.5 deg would
correspond to a 15-deg half-angle. Since the crew reported they dic ~ot hold
the camera at any special orientation, no definite conclusion can be made about
the half-angle of the dump.

Moonlight on the window obviates obtaining meaningful mass distribution
data. Although there are frames of the 70-mm film which do not have particles
in them, the HEC was not started until after dump initiation. Since the back-
ground brightness in the darker areas of the negative is too high to have been
caused by scattered moonlight alone, it must be the result of small unresolv-
able particles in the dump cone.



APPEND IX

A SPACECRAFT CONTAMINATION PARTICLE TRAJECTORY STUDY

Introduction

This study is an analysis of photographic recorded trajectories of
particles emerging from a point source on a spacecraft. The main analysis
is based on a program that was developed to generate the perspective projec-
tion of particles emerging from a nozzle and viewed by a camera. The study
was undertaken to analyze photographs obtained by cameras on the Apollo 15,
16 and 17 missions. This report presents the formulation of the equations
used and various results of the study.

Theory

The formulation of the equations of motion, the perspective projections,
the fiim image, and the radiance of the particles are presented in this section.

EQUATION OF MOTION

To define the trajectory or position of a particle, a convenient coordi-
nate system is introduced and then transformed into the camera coordinate
system. The development assumes that the particles are emerging from a
point at a known location with respect to the camera.

—

The vector R1 to the origin of the particles, a nozzle, with respect to

the spacecraft-mounted camera cystem is given as follows:

2SR ERY
R, = (xc, Yer 2c) '

The vector Ez from the origin of the particles along the axis of the

nozzle to a position normal to the particle with respect to the nozzle axis is
given as follows:

R, = (2, 2, ?) .
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The vector f{.z, , a normal from the nozzle axis to the particle, is given
as follows:

ﬁ.:; = (1'31 Sav t3) ’

where r’, s3, t3 and «?, 8%, 12 are to be defined in a convenient manner.

The position of the particle from the camera R is then given as follows:
I—‘. = I—{.‘ + ﬁ.z + ﬁ.s ]

as shown in Figure A-1. The particle coordinate system is in a mixed mode
of coordinate variables:

R = R, (x(!. yé, zé)+ﬁz(n2, B, vY) + Ry(r3, 5, 6) .

Therefore, the vectors ft.z and ﬁ; are to be defined and transformed into the
camera coordinate system by coordinate transformation matrices.
The camera coordinate system is shown in Figure A-2, where the X,

axis is the optical axis of the camera and -O-yc is to the left of the window.

The nozzle axis is assumed to make an angle 7 with ﬁc (a unit vector
along +xc). In defining the a, B, ¥ coordinates, the o axis is assumed to be
collinear with the nozzle axis and the X, axis is assumed to lie in the o -8
plane with 4 defined by (9(0) X (3 ). Hence, to obtain 1_2.2= II—{.zl& in the
camera coordinate system, one first transforms the «a, 8, ¥ coordinate sys-
tem by a rotation of -7 about the y axis to obtain R, ina (Qc, 2, '?) coordi-

nate system. The transformation is shown in F.gure A-3. This system is
transformed into the camera coordinate system by a rotation of -y about the
xc axis (Fig. A-4). The angle v specifies the rotation of a plane which con-

tains the nozzle axis and 9(0 from the ’ic - 9(0 plane. The coordinates for a

nozzle perpendicular to the Apollo Command Service Module ( CSM) skinline in
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{igure A-1. Particle coordinate system.
H

+Yc

+XQ

Figure A-2. Camera coordinate system.
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Figure A-3. Transformation of -ﬁz.

the spacecraft center of mass coordinates would specify v:

nozzle nozzle
v = arctan |-y -2 ) .
cm cm

The coordinate transformation matrix equation for I—{‘z is given as follows [ 10]:

1 0 o ] cosn -sinn 0] [IR,l

Rz(xc. Vg zc) = |0 cosy -sinw sinn casn 0 0

0 siny cosvy 0 0 1 0
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N DZZLE AXIS

<>

INTERSECTION OF NOZZLE AX!'S WITH
SPACECRAFT X-AXIS (IF 1+ EXISTS)

Figure A-4. Nozzle roiaiion angles.

cos n . ll—le
Rz(xc, Ve zc) =| cos v . sinn - |R,l .

sinv + siny -[ﬁzl

Choosing 2 to be collinear with &. to obtain ﬁ; = Il_fal M in the camera coor-

dinate systiein, one first transforms the r?, 8%, t3 coordincte system by a rota-
tion of +90 deg about the t; axis to obtain 'ﬁ; inan o, 8'3, t'" sysic,u. To
obtain Tf:, in the a, B, ¥ coordinate system, or: performs a 6-~rotation of the
a, 8'3, t'3 system about the @ axis. Hence, for ¢ = 0 deg and 0 = 180 deg,

1T3 lies in the & -f} plane. Then following tk~ «, B, v coordinate tranefor-
mation given previously for R,, R; is obtained in the camera coordinate sys-
tem. The series of transformations needed ‘o oktain Ry in the «, B, ¥
coordinate system is shown in Figure A-5.
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Figure A-5. Transformation of ii;.

The complete coordinate transformation matrix equation for l—fs is given
as follows:

1 0 0 cosn -sinn 0|1 0 0 010 |I_{;|
I_{.;,-- 0 cosv -sinvilsinn cosn 0]|0 cos@ -sinf||-1 0O O 0

0 sinv cosv C 0 1]1]0 sin@ cos 0 0 0 1 0

cos 0 - sinn - |Rsl

l?,(xc, Yo zc) = -cosu-coso-cosn-ll—f,,l + siny - sind . I_R°3| .
l—sinv-cosf)-cosn-lﬁ}l - cosv-sinﬂ-ll_fal
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The position of the particle can be defined in terms of the distance from
the nozzle. For a particle velocity V and a time t after the emergence of the
particle from the nozzle, then the distance is Vt; i.e.,

IR, + Ryl = V& .

From Figure A-6, one has the following relations:

Il_{zl = cosf3 . Vt
Il—{-,l = sing - Vt ,

where B is the an'rle between the trajectory and the nozzle axis. Hence, the
particle position R in the camera coordinate system is given as follows:

X = x:: + cosncosfB + Vt + cosf sinygsinB - Vt

y =y::+c03usinncosB- Vt - cosvcos§ cosnsinf + Vt
+ sinv sin® sinf - Vt

¥ A = 2

:} + sinvsinncospB « Vt - s8invcosd cosnsinpf - Vit

-« cos vy sin@ sinf8 « Vt

=~y 2 2 2 1/z
IRI = {x° + JC O+ X
C C C

The parameters to the ahove questions are ( 1) ‘{;, y::, zé = the nozzle

position relative to the camera; (2) n, v = the orientation of the nozzle axis
with respect to xc, yc’ zc; (3) Vv, B8, 0 = the particle trajectory in polar coor-

dinates relative to the nozzle axis; and (4) t = time since the »mergence of the
particle from the nozzle.

SCATTERING THEORY

As the particles transverse their trajectories, they are observed due
to the scattering of sunlight. The scattered radiance flux per unit area per
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A
unit wavelength LS for a particle is given as follows:

)
L( N _ Zsun do [energy area” " time ]
s R? 4@ & ’

A
where L(Suz‘ is the solar spectral radiance flux per unit area at the earth, R
is the distance from the particle to a perpendicular area (in this study the
camera lens), and do /d2 is the differential scattering cross section for the
particles as a function of the scattering angle 8. The scattering angle is
defined as the angle between the direction of the incident light and the direction
of the scattered light. The differential scattering cross section is defined as
the ratio of the flux per unit solid angle scattered from an object to the flux
A
e
s

incident on the object per unit area. The value will give the power

incident on the camera lens when multiplied by the area of the camera lens and
integrated over wavelength.

The differential scattering cross section is determined by the physical
shape and chemical structure of the particle. In general, the nature of the
particles is not known, However, the effects of the particles can be studied
by assuming isotopic scatterers or by assuming spherical particles and using
the Mie theory to find the differential cross section.



The isotopic model assumes that all the energy incident on a particle
is scattered isotopically. The i~otope differential scattering cross section is
given as

This model is independent of wavelength, refractive index, and scattering
angle; hence, Ls is dependent only on Lsun and 1/R2.

SCATTERING ANGLE

The scattering angle is dependent on the relative position of the particle,
the camera, and the sun. These relative positions can be determined by know-
ing the orientation of the camera system in the celestial sphere, the celestial
coordinates of the sun, and the line of sight to the particle. Hence, it is
assumed that the right ascension and declination of the +xc axis and the sun

are known. Also, the rotational orientation of the camera and the (yc, zc)

point of the particle (i.e., the line of sight) must be known. Figure A-7 shows
the various axes extended to the celestial sphere. The xc axis is pointed

toward the right ascension RAx and the declination DECX. The line of sight
to the particle extends to the point ( RAp, DECp) . The sun is at (RAS, DECS) ,
and the Ye axis is at (RAy, DECy) . The camera coordinate orientation is

different from the celestial coordinates and the rotation between them must be
determined in order to determine ‘he line of sight (RAp, DECp) of the particle.

Figure A-8 shows the spherical trigonometry for the program. € is the angle
between the line of sight to the particle and the X, axis:

¢ is the angle between the Ye axis and the declination axis at the X, axis:

¢ = arc cos [sin ( DECy) cos (DECX)

- cos (m«:cy) sin (DEC ) cos ( RA, - RAx)] -9 .
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Figure A-8. Spherical trigonometry.

The positive direction of § is as shown in Figure A-8*, and  is the angle
defined hy:

zc
w = arc tan (—) .
_yc

*I (DEC, RA ) is given, then DEC,_ = 90° - arc cos [-cos (DEC ) sin g]

and
sin (DECx) sin (&)

cosTDECy)

RA = arc cos[ + RA .
y X
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The correction for the right ascension and declination of the line of

sight of the particles to that of the X, axisis RA d and DEC 4 By trigonom-

etry, these corrections are given as follows:

DEC arc sin [sin € sin (w + ¢)]

d

RAd

arc sin [sin € cos (v + t)/cos DECdI .

Hence, the celestial coordinates of the particle line of sight are as follows:

RA
p

DEC
P

RAx - RAd

DECx + DEC

d L]
Note that the negative sign in the right ascension equation is a result of the
right ascension increase along the +yc axis direction.

Now the scattering, a. gle is the spherical trigonometry difference
between the solar direction ( RAS, DECS) and the line of sight through the
particle (RAp, DECp). From Figure A-9 the scattering angle is given as

follows:

cos® = [cos (IRAp -RA() + cos? (90 - DEC) (1- cos(lRAp -RA. )] cos(IDF.Cp - DECSI)

The parameters for the scattering angle equation are RAS, DIEICs = golar
celestial coordinates; xc. yc, zc = particle camera coordinates; and RAx'

DECx and RAy, DE’Cy or ¢ = the spacecraft orientation.

SPACECRAFT MOTION

The following statements concern the effects of a spacecraft rotation
and an effective translation upon the position of a particle in the camera coor-
dinate svstem. The coordinate systems to be considered are shown in Figure

A-10, The particle camera coordinates are (xz, yz, z‘:), and, after a
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Figure A-9. The scattering angle ® in terms of right ascension.

rotation and a translation at time t T, the coordinates are (7( g, ;:, ;2)
Similar notation is used for the coordinates of the particle in the spacecraft
P p Y L

center of mass system; i.e., X 'Y s Z .
cm °“cm’ cm cm, cm

and xcm’ y

The procedure is to find the particle in the camera coordinate system
assuming no transformation (i.e., rotation or translation) and then convert
over into the center of mass coordinates (cm). After the cm coordinates are
obtained, the transformations are performed. Thereafter, the conversion of
the cm coordinates to the camera coordinates gives the new relative position
for the mrticle with respect to the camera.
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(xcl'i’l' vc#l’ zcgl) % \",cp (xcp' ch: ch)

(X R, ¥2.ZP)

ORIGIN OF CAMERA COORDINATE SYSTEM
Xt Yeme Zom!

ch

CENTER OF MASS
OF SPACECRAFT

Figure A-10. Coordinate systems for spacecraft
motion considerations.

The particle coordinates in the cm system are given by:

o
Xp = X + Xp
cm cm C
P o P
= +
ycm ycm yc
o
Zp = 2 + zp
cm cm c

o

o
where {x , ¥y ,
cm “cm

o \. . .
Zcm)ls the origin of the camera system in terms of cm

coordinates.

Now assume that the cm has an accelerationofa = (a ,a , a )
cm X'y 2z

during time At from the particle emergence until the time being considered.
The effective translation is then:

t 1

= - 2
xcm 2 ax(At)
t 1
; = - a (At)?
Yom = 2 y( )



~N
1]
DO

az( Atz

The em coordinates after translation are:

xcm xcm 2 ax(At)
' P = ° + -]:- 2

ycm ycm 2 ay( Y
P = 0 + l a t)?

zcm Zcm 2 (A )

The rate of rotation is given by the rate of the gimbal angles which are
a set of Euler angles relating the spacecraft axes to an inertial system Let

¢G’ OG’ and zp be the rates of a set of Eulerian angles ¢G G’ and sz,

then the rotation of the spacecraft is given as follows:

P = ¢GAt
GG = OGAI:
d)G = dJGAt .

Therefore, the particle position in the rotated cm coordinates is given
by the following equations [10]:

~p
X [cos sz cos ¢G - cos @

p
]
em G sin ¢G sin ¢G] xcm

WP
+ lcos ¢, sing  + cosf. cos ¢ sin ¥s! Yem

' P
[sin z,l)G sin OG] Zom °

+

~p = [_si - ' P
ycm [-sin wG cos ¢G cos GG sin ¢G cos wG] Xom

lp

+

[-sin zIJG sin¢ + cos OG cos ¢G coszp ly

+

P
L
[cos sz sin OG] zcm
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~p = . . Y - ' P
Zom = (sinfgsing lx + [-sinf,cos o]y
p
1 ]
+ [cos OGI zcm .

Now, after the rotation, the new camera coordinates are given as
follows:

~ o
xp = xp - X
c cm cm
~p _ _p o
y y -y
c cm cm
~ o
zp = zp z .
c cm cm

The celestial positions of the rotated +;c and +§c axes are now to be
determined. One must first calculate the original +zc axis in celestial coor~

dinates. Using £, one finds DECz and RAz similar to DECy and RAy:

DEC, = 90° - cos™! [-cos(DECx) sin (¢ - 90°))
sin(DECx) sin (¢ - 90°)
RA = RA + cos-! .
z X cos(DECz)

The directional cosines between the celestial Cartesian coordinates
(£, m, n) and the unrotated camera coordinates (xc, yc, zc) are given by:

oy = o8 (<n, w) = cos (90 - DEC,)
B, = cos (<, w) = cos (RAW) cos (DECw)
Y, = cos (<m, w) = cos (RAw - 90) cos(DECw) ,

where w refers to xc, yc. or zc axes,



Then the +xc values in the (£, m, n) system are given as foilows:

{ o o o J§
X X 'y
= 0
m_ Bx By B 2 ’
n Yy 'Yy Y, 0

where +yc and -o»zc are obtained similarly. Hence the values of lx’ m_, nx,

etc., for the rotated values are obtained by the matrix equation:

-~ 1 - - =
L. cosycos¢d - cos@singsiny -cosPsing - cos@cosdcosy sin ¢ sin wa
17\“, =lsinycos¢d + cos@sindcosy sinysing + cos@cosdsiny -cosy{sin my,
L.ng Lsin 0 sin ¢ sin @ cos ¢ cos @ ] an ]

where angles in the rotation matrix have taken on negative values for the
angular rates. The rotated 4-xc and +yc positions are determined from:

RA arc tan (m_/1 )
w w W

DEC

1]

sin (n
arc (nw)
and can be used to calculate the new scattering angles.

IMAGE THEORY

The calculated position, distance, and radiance for the particles are
transformed by the camera into a recorded image. The image depends on
optical transformation performed by the camera.

The camera forms a perspective projection of the object points. Nor-

mally, this projection is inverted, but for analysis the inversion will not be
considered. The location of each point on the film is given by the tangent of the
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angle between the line of sight to the point to be projected and the vector normal
to the center of the plane of the film (the X axis of the camera system)

(Fig. A-11). Given the camera coordinate system, assume a vector R in that
system pointing toward the point to be imaged. Then the Ye and z coordinates

on the film of the projection of the point are given as follows:

Yf (-Yc/xc) Fl

N
[}

(-zc/xc) F1

where R = (xc, Yy zc) and F1 is the focal length of the camera.

The field of view of the camera determines if i+ particle will appear
on the film plane. Using X, as a parameter and for a camera with a &

degrees by p degrees format, the defining equations are as follows:

POINT P TO BE
PROJECTED
FiLM
PLANE
- 1, a
~—a CENTER OF FIELD
OF VIEW
tana

Figure A-11. Perspective projection.
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-Xx tand < 3y < + X tanbd
c c ¢

-X tanp = z < + x tan
c H c ¢ ANH

as shown in Figure A-12.

The effective diameter on the film will be derived by using basic optics.
If a point source is not focused by the camera, the image will be enlarged.
Let 5, and s:) be the object distance and the mage distance, respectively,

for the actual camera settings determined by [ 11},
= _1- 4 —1- .
s

s'
o o

L
F!

For the true object distance s, the image distance s' is given as follows:

1 1 1
— I e e ee— .
Fl s st
From the last two equations and Figure A-13, the effective image size dG sy 8

a result of having the film plane not at the focal point, is given as follows:

= v gt . '
dG Is0 s' | D/s .

Y¢=X tan &

Figure A-12. Field-of-view boundarier
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Figure A-13. Defocusing effects.

This equatiou ¢an be written as:

dG = |s - sol - F1 - D/(sls0 - F1l})

or in camera coordinates this becomes

o o
d; = lxc - xcl F1 D/(xclxc - F1) ,

Y -
where X, is the object distance setting of the camera. Hence, the image size

for a particle on the fiim decreases as the particle reaches the object distance
setting and then increases.

For an extended source of radius a, the image size for a focused
particle wil. b

d. = as'/s
I
or in camera co¢ linates:
d = a F1/|F1 - x |
1 C
where similar equations are emploved as before.
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Diffraction by the lens aperture increases the diameter by a term of:

= 2AF1/
dD 2AFL'D

where A is the effective wavelength and D is the diameter of the lens.

The effect of diffusion of light within the film gives an additional term
dF [12]. Hence, an estimate of the image size on the film becomes:

d=Ix -x°D- F1/(x 1x° - Fll) +d_+ 2+ A - FI/D + aFV|Fl1-x | .
c C c c F c

Further improvement of the above frrmula would employ the optical transfer
function for the camera being used.

DENSITY LEVEL

The density level obtained on the film depends on the radiance at the
film and the film sensitivity.

The scattered spectral radiance Ls( A) times the area of the camera

lens #D*/+ defines the power incident into the camera system. This power is
concentrated into the image of area 7d%/4 ; hence, the spectral radiance of the
film is:

E(}\) = LS(A) %; .

For a particular developing process the spectral film sensitivity S(2) is
defined as the reciprocal of the exposure required at a given wavelength to pro-
duce a given density. Thus, the energy per unit area required to produce a
given density D is given by

1

E(D'A): S(D,A)t ’
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where t = exposure time.

The energy per unit area at the film from a particle scattering sunlight
is given hy

E= ‘ —wRT—?a%(G.h)dh

The density procduced by the resulting exposure is determined from the appro-
priate characteristic curve for the film and processing.

The differential scattering cross section ¢ dependence would be included
by taking an integral over the solid angle defined by the camera lens [ 13]. The
variation in 0 is small, and the value of do/dQ at the average value of 0 is
assumed.

The formulation developed in this section allows one to determine the
photographic images of particles emerging from a nozzle and traversing the
field of view of a spacecraft camera. The approximations allow the determina-
tion of the optical image and density on the film.

Analysis

In this section, results of the developed perspective projections are
presented. Views of various nozzle dumps and window locations are presented
to establish a basis for the particular results from the various Apollo photog-
raphy to be considered.

REPRESENTATIVE TRAJECTORIES

Figures A-14 and A-15 are the computer plots for a water dump as
viewed from window 2 with a field-of-view of 20 by 20 deg ( Hasselblad) about
the x axis. In each case (8= 50 and 60 deg) the particle trajectory tracks are
traced irom when they enter the field of view from the left until 20 sec after
they have emerged from the nozzle. The set per view is given for 6 = +5, 0,
-5, -10, -15, and -20 deg.
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Figure A-14. Computer plot of particle from water dump as seen in
window 2; 8 = 50 deg and 0 = 5, 0, -5, -10, -15, -20 deg.

Of particular importance is the case =60 and ¢ = 0 deg. Then the
particle' s Ve and zc coovdinates are constant, and only X, changes accord-

ing to xc = x‘: + Vt. Therefore, the particle's perspective trajectory appears

to sweep toward the center of the field of view. The center of the frame is then
the asymptotic limit for this case, since:
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Figure A-15. Computer plot of particle from water dump as seen in
window 2; 8 = 60 deg and 8 = §, 0, -5, -10, -15, -20 deg.

l/
(2« 2y
limit arc tan | ————e—————
X
X =~ [\]
C

If the particles appear on the frame further away from the nozzle direction than
the center, then it follows that these particies have a cone angle 8 greater
than 60 deg.
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For the set of 8's it 1= seen that as 8 increases, the cone formed by
the termination of trajectories at t= 20 sec and the set of 6's steps across
the frame ( Fig. A-16).

Figures A-17 and A-18 illustrate the effect of a spacecraft rotation. In
this case, a hypothetical nozzle is located in front of the camera, and the space-
craft rates é, ] , and ¢ are a rapid 1 deg per sec. When the particle is close
to the spacecraft, the angular rate across the frame is fast and the spacecraft

EDGE OF A T=20 SEC FOR
f~00° (vt=2m)

Figure A-16. Surfaces of the cones formed by water dump as seen from
window 2; cones are defined by 8 and generated by 4.
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Figure A-17. Effect of spacecrait rotation on particle tracks as seen
from window 2; 8 = 60 deg and 6 = 5, 0, -5, -10, -~15 deg.

rates in comparison are slow. As the particle moves away from the spacecraft,
the angular rate of the particle decreases and the spacecraft rate dominates.

In the case illustrated, the spacecraft rotation is downward and drives the
particle tracks toward the top of the frame. The angular rate for the particular
particle for which y and z are constants and x_ = x' + Vt is given as
follows: ¢ ¢ ¢ ¢
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Figure A-18. Effect of spacecraft rotation on particle tracks as seen
from window 4; 8 = 60 deg and 6 = 5, 0, -5, -10, -15, -20 deg.
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= 2 2 c - x + 2+ 2 4 2. ~ H H]
where b Yo z, and r \f(xc Vt) Yot Zg Assuming that w is the

spacecraft rotation rate and that it is perpendicular to the particle apparent
motion, then the angle of the particle' s apparent motion with its original track
will increase according to arc tan ( r’w/Vb).

For Figures A-14 and A-15, the nozzle is located behind the camera
X, = 0 plane. As a result, the tracks of the emerging particles appear to

converge as they pass in front of the camera instead of diverging as one would
first expect. This perspective is illustrated in Figure A-19, where in Figure
A-19(a) the source is in front of the camera and the particle tracks diverge
from the source. In Figure A-19(b) the camera forming this frame is looking
away from the source and the particles appear to converge. In Figure A-19(c)
this result is shown as being strictly a result of geometry. Two particles
emerge from the source; one particle (A) passes through point A1l then A2,
and the other ( B) passes through point Bl and B2. The particle A appears to
radiate from the source as viewed by camera A. Particle B appears to con-
verge towai i the image point which is located by drawing a line from the source
through the camera B. The points (A1, A2 and Bl, B2) are shown in Figures
A-19(a) and A-19(b) also. If a particle reached the image point without
interference, then it would be viewed by camera B as a point.

An accumulation for the trajectories from Figure A-14 is shown in
Figure A-20. The tracks are continued outside the field of view and are shown
to converge at the image point. The figure has been reflected about a plane
normal to the paper.

As an illustration of the angular rate expected, the 8 = 0, 8 = 60 deg
case is considered for a water dump as viewed from window 4. Figure A-21
depicts the position of the particle in 1-sec increments from a time 7 sec to
21 sec after it emerges. As seen from the equation for 6, this decrease in
rate is approximately Vb/r?,

In terms of photographs, the exposure ( E = irradiance times exposure
time) determines the density levels obtained. As a particle recedes, the
irradiance at the camera due to scattered light is proportional to 1/r%. Since
the exposure time is dependent on how long a particle' s light is impinging on
a location on the film, then it is dependent on dg. Therefore, the exposure is
approximately independent of the particle position. The further away the
particle is, the weaker the irradiance, but it irradiates an area on the film
longer before traveling to an adjacent area ( Fig. A-22).
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a. Source point in front of camera and in large field of view;
small field of view shown as dashed box.

7 /' N

b. Source point behind camera and image point la large field of view.

CAMERAS CAMERAA
LOOKING AWAY  LOOKING TOWARD
FROMSOURCE POINT  SOURCE POINT

c. Geometry of camera and source for a and b; dot-dash lines
run through source and camera lens.

Figure A-19, Effect of lucation of source on particle tracks.
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Figure A-20. Accumulation for trajectories of particles
seen in Figure A-i4.
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Figure A-21. Position of pzrticle in 1-sec increments; 6 = 0 and 8 = 60 deg;
window 4, water dump nozzie, and V = 100 cm/sec used to generate tracks.
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Figure A-22. Effective exposure versus time from eriergence from nozzle;
the effective radiance shows the 1/R? effect.
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Figure A-23 is an illustration of an auxiliary hatch dump viewed from win-
dows 2 and 4 by a 16-mm DAC. In Figure A-23(a) the tracks for the left and right
window are shown., From the indicated slopes, the tracks appear to be con-
verging to an image point in each case. Figure A-23(b) represents z sample
track obtained simultaneously from each window. In Figure A-24 a s.ngle track
is analyzed in terms of the stereographic views. The vertical bars specify the
position of the other camera's field of view at the indicated time. The particle
had to be down the X, axis by 220 cm before it could be observed by both

cameras. The vertical starting and end points of a particle are the same for
each camere. Since the particle is closer but above window 2, the slope of
the trajectories in that case is more inclined.

As a prelude to the discussion of Apollo 15 photography, the theoretical
results of a waste water dump and a urine dump as observed from window 4 are
presented. Figure A-25 shows the same general tracks as Figure A-14, Table
A-1 gives various time points and the location in normalized coordinates which
give the center as (0, 0) and the upper right-hand corner as (1, 1). Figure
A-26 and Table A-2 give the same information for a urine dump as viewed by
the 16-mm DAC camera (24 x 32 deg). The extended trajectory tracks for hoth
dump nozzles are given in Figure A-27 for window 4. The solid lines are
coming from the water dump nozzle and the dashed lines are coming from the
urine dump nozzle,

APOLILO 15 PHOTOGRAPHY

On the Apollo 15 mission, a series of photographs was taken from win-
dow 4 with the 16-mm DAC using the 18-mm lens [2]. The lens was set at
£/0.95 and focused on infinity. Type S016. BW film was used.

Four photographic sequences were take: : (1) just prior to the liquid
dumps at GET 272:00:00, (2) 1 to 5 min after the dump, (3) 8 to 10 min after
the dump, and (4) 25 to 28 min after the dump. A sequence consisted of a set
of four exposures at 1, 20, 60, and 100 sec. The objective was ''(1) to measure
the intensity of the contamination cloud associated with the spacecraft in a clean
configuration ( just prior to a liquid dump with thrusters inhibited) and (2) to
evaluate the impact of liquid dumping on seeing ccnditions."

Two 20-sec photographs at 8 to 10 and 25 to 28 min are shown in Figur
A-28, Figure A-29 shows the association of a particle with the water and urine
dump nozzles. It is seen that particle A is associated with the water dump
nozzle. This choice is conclusive when the slope versus track length is plotted
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Figure A-23. Particle trajectories resulting from water dump from auxiliary dump
nozzle and viewed from windows 2 and 4.
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Figure A-24. Trajectory of particle from “atch dump nozzle as seen from window 2
(left) and 4 {right) simultaneously.
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Figure A-25. Trajec*cries of particles from water dump seen from window 4 with a DAC.




TABLE A-1. ‘WATER DUMP NOZZLE, V= 1 m/sec

Beta
0
Thew.. S 60 70 80
T X Y T X Y T X Y T X Y
8 -0,1221 0.9983 1 3 0.9285 0.9183
-20 7 -0.3088 0.9199 | 4 0.0253 0.5952
20 -0.95486 0. 6488 8 -1.0158 0.2228
11 0.0410 1. 0210 4 0. 8358 0. 8827 4 0.2901 0. 1426
-15 12 -0.0136 0.9984 5 0.3766 0. 7186 5 -0.1660 +0,0116
20 _.0.2450 0.9027 |20 -0.7398 0.3196 {11 -0.9961 -0,2268
6 0.8305 0.9392 4 1. 0685 0.4835 | 4 0.5821 .0.2748
-10 7 0.8325 0.8670 5 0.6055 0.3537 | 5 0.1001 -0.3790
20 _.0.0573 0.0157 {20 -0.5244 0.0124 §20 -1.0139 -0.6301
13 1.0305 0.8360] 7 1. 0555 00,2947 b} 1.1016 -0.3091
0 14 0.9791 0.8183] 8 0.9076 0.2534 6 0.8069 -0.3702
20 U.7697 0.7463¢{20 0.3384 0.0945 |20 -0.8020 -0,5544
12 1.0342 -0,3215 7 1. 1394 -0. 9865
10 13  0.9830 -0.3321 8 0,9852 .-1,0082
20 0.7743 -0.3754
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Figure A-26. Trajectories of particles from urine dump seen from window 4 with a DAC,
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TABLE A-2. URINE DUMP NOZZLE, V= 1 m/sec

Beta
50 0 70 80
The 6
T X Y T X Y X Y X Y
0.9891 1. 0423 0.3349 v. 4714
-20 0.4603 0.9841 -0. 1898 0. 4433
-0.8222 0. 8428 -1. 0717 0.3961
7 0.6875 1. 0165 0.6220 0.5461 0.5301 -0.0299
-15 8 0.5263 0.9986 0. 3039 0.5270 0.0099 -0,0282
20 -0, 092% 0.9299 -0.6532 0.4695 -1,0462 -0,0247
6 1. 0600 0.8754 0.7977 0. 1364 0.7391 -0.4995
-10 7 0. 8362 0.6596 0.4795 0.1317 0.2182 -0.4713
20 0. 0551 0.6042 -0.4807 0.1176 -1.0021 -0.4051
15 1. 0297 0.5505 8 1. 0133 0. 0000 0.8718 -0.60684
0 16 0.9924 0.5484 9 0.8891 0. 0000 0.6513 -0.5921
20 0.8860 0.5422 120 0. 3783 0. 0000 -0.1173 -0.5422
9 1.0743 -0.3018 1. 0936 -0,9607
10 10 0.9798 _0.2987 0.8871 -0.9379
20 0.5565 -0.2853 0.0777 -0.8586




Figure A-27. Extended trajectories of particles from water and urine
dumps as seen from window 4 ( solid lines are from water dump
nozzle; dashed lines are from urine dump nozzle).

( Fig. A-30). The slope varies because of spacecraft rotation. For near
particles, the slope approaches that given for no rotation. Then, for these
cases, the separation of particle species can be made. For particle B, if a 8
of 80 to 70 deg is assumed, then the velocity is approximatel; 80 to 135 cin/sec.

STELLAR CAMERA FHOTOGRAPHY

In lunar orbit the stellar camera on Apello 15 recorded numerous bursts
of particles. Figure A-31 is such an example. On Apollo 16 and 17 no phenom-
enon approaching such particle showers was recorded on t.:". stellar camera.
Very few frames had any contamination. On those showing contamination, che
number of particles seen is small.

Correlation of the times of the particle showers on Apollo 15 with the
times of the urine and waste water dumps has revealed that in most cases
particles appear 4 hours after a dump and just after the terminator has been
passed. Table A-3 gives the time of the initial frames showing tracks, the
time of the dumps, and the time of the terminator.

?1i



a. 9-10 minutes after dump.

b. 28-28 minutes after dump.

Figure A-28. 20-sec photographs of water and urine dump;
photographs are from Apollo 15 [2].




Figuie A-29. Selected tracks from Figure 28(a); particle A is associated
with the watcr dump, and particle B with the urine dump nozzle.

The stellar camera was not extended during any dumps. All extensions,
with one exception, were approximately 2 to 4 hours after dumping had ended.

Figure A-32 shows again the trajectories from Figure A-31 which appear
to come lrom a source. However, there are several trajectories which are
randomly oriented. Also shown on Figure A-32 are the tracks which would
appear if the particles had originated from the reaction control system A-1
engine or the waste water dump nozzle. Since these particles do not match the
observed ones, another source must be sought.

When the tracks are extended, there is a localization of track crossings
at 65. 6 deg below and 69. 2 deg to the right of the frame. Employing the rough
position for the origin of the tracks, the origin would have to lie on a line defined
in stellar camera coordinates by:

(93
v

= -X tan 69. 2 deg

N
|

= =X tan 65.6 deg

83



SLOPE (DEGREES)

\ RANGE ON THE SLOPE FOR WATER
\ DUMP NOZZLE OVER FRAME

RANGE ON THE SLOPE FO ' URINE
DUMP NOZZLE OVER FRAME

10+

SLOPE

LENGTH (cm)

Figure A-30. Slope versus track length tor particles from urine and water dump nozzle

(numerals correspond to particle numbers in Figure A-29).




Fizure A-31. Example of stellar camera frame [rom Apollo 16 which records a particie shower,




TABLE A-3. TIME CORRELATION

FRAMES CONTAIN.

’S WITH STELLAR CAMERA
MINATION

GET for GET for GET for Initial

Dumpa Terminator Photograph REV
80:20 84:42 84:48 4
97.52

125:20 129:26 129:32 27

146:59

170:25 174:50 174:54 50

193:59 194:32 194:35 60

a. Times supplied by Robert Giesecke of Johnson Space Center.

This line is shown on Figure A-33, after a transformation to spacecraft coordi-
nates. The dashed portion of the line is within the interior of the spacecraft.
Since the origin would be on the spacecraft skinline, there are two origins, one

within 0.5 m of the stellar camera and the other in front of CM window 1.
positions have no known vents associated with them.

The extend/retract times and times for maneuvers which may affect the
The extension at 194:30 corresponds to

stellar camera are given in Table A-4.
the end of the time allotted ( 1 hour) for a urine dump.
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Figure A-32. Trajectories of Figure A-31 retraced to show relationship
to particles from reaction control system A-1 engine (dashed line)
and waste water dump (dotted line) .
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Figure A-33. Locus of origins for particle tracks seen in Apollo 15
stellar camera frame.



TABLE A-4. TIME OF EVENTS WHICH MAY GENERATE P«RTICLES

GET GET GET
Extend Retract Maneuver Maneuver
84:07 95:12 . 84:11 +x forward
128:30 130:40 125:47 +x forward
150:02 152:13 145:04 40° north oblique
174:40 17%:31 173:15 +x forward
194:30 195:30 193:30 +x forward
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