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FOREWORD

On December 8, 1972, while the Apollo 17 spacecraft was 145 178 n. mi.
from the earth and traveling at the speed of 3543 ft/sec, Astronaut Ronald E.
Evans performed a series of experiments called the Apollo 17 Heat Flow and
Convection Experiments. The Apollo 17 experiments expand and complement
similar experiments conducted aboard the Apollo 14 spacecraft by Astronaut
Stuart A. Roosa on February 7, 1971, during the lunar flyback. This report

describes the results of an analysis of the Apollo 17 Heat Flow and Convection
Experiments data.
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TECHNICAL MEMORANDUM X- 64772
APOLLO 17 HEAT FLOW AND CONVECTION EXPERIMENTS

FINAL DATA ANALYSES RESULTS

SUMMARY

A group of experiments called the Apollo 17 Heat Flow and Convection
(HFC) Experiments was conducted by Astronaut Ron Evans on December 8,
1972, aboard the Apollo 17 spacecraft while in translunar coast on the way to
the moon. Three experiments were conducted. In the Flow Pattern Experi-
ment, cellular convection which developed as the result of heating an open pan
of oil was observed. In the Radial Heating Experiment, a closed dish of argon
gas was heated by means of a center post heater, and the resultant temperature
changes were tracked by means of liquid crystals. The Flow Pattern and
Radial Heating Experiments were improved test cells of experiments conducted
by Astronaut Stuart Roosa aboard Apollo 14. The third Apollo 17 HFC Exper-
iment called the Lineal Heating Experiment consisted of heating a cylinder of
oil from one end. Fluid motion and temperature changes were tracked by
means of suspended magnesium particles and liquid crystals, respectively.
Observational and tracking data were recorded on motion picture film.

Results of data analyses show (references are given in the text):

Flow Pattern Experiment

® The sizes of the observed surface tension-driven convection cells
agree fairly well with those predicted by linear analysis of surface tension-
driven, cellular convection.

e Convection occurred at lower temperature gradients in low-g than
in one-g. Surface tension and gravity, therefore, apparently do not reinforce
each other in a manner predicted by one analysis of cellular convection.

e The Flow Pattern Experiment data substantiate in principle the
postulate that gravity modulates cellular convection onset,




e The onset of a concentric side roll and center polygonal cells in the
Flow Pattern Experiment occurred at about the same time. The occurrence
of a roll is contrary to expectations based on latest literature. The observed
onset pattern tends to confirm an earlier view that rolls are side wall effects
and are not particularly characteristic of the driving mechanism.

Radial and Lineal Heating Experiments

e No significant convection was observed in the Radial or Lineal Heat-
ing Experiments. The data, however, validate the accuracy of the measuring
technique and allow the conclusion that:

e The convection observed in the Apollo 14 Radial and Zone cells was
probably caused by HFC unit and spacecraft vibrations.




|. INTRODUCTION

The exploitation of space for the benefit of mankind is rapidly evolving
in several areas such as transcontinental TV communications, astronomy,
weather satellites, earth resources, and space processing. Space processing
[1-3] is being developed to exploit the unique environment of a space laboratory
to research, develop, and finally manufacture products having improvements
over those made on earth. Several examples have often been cited:
better semiconductor crystals for use in solid-state electronic devices, puri-
fication of organic and biological materials for use in biochemistry and vac-
cines, development of new metal alloys, and better lens glass materials [4].
Fundamental to all these processes is the use of low-gravity to reduce unwanted
fluid motions and settling of heavier materials while the product is being pro-
duced from the molten or gaseous state. Fluid mechanics (or convection) in
space with varying boundary conditions of temperature, time, pressure, and
artificial gravity levels, therefore, is a major concern. (The term convection
is used herein in the sense of any perturbating force that can cause a contained
fluid in low gravity to be nonstatic. )

One of the chief foreseen advantages of conducting manufacturing proc-
esses in space is the reduction in vigor of gravity-driven, natural convection,
Gravity~driven, natural convection occurs spontaneously when certain condi-
tions of container geometry, heating rates, solute concentration gradients,
etc., are right. The resulf of convection is a stirring action which is dele-
terious to many processes because the stirring perturbs internal temperature
and concentration gradients. The onset and vigor of gravity-driven, natural
convection are very difficult to predict and, therefore, to control. In the low-
or zero-g environments of orbiting spacecraft, gravity-driven convection will
be much less of a problem. Gravity, however, is not the only driving force
for fluid flow. A number of previous studies [5-7] have identified and discussed
such nongravity forces as surface tension, interfacial tensions, thermal volu-
metric expansions, phase-change occasioned volume changes, electric and
magnetic fields, rotation accelerations, and linear accelerations. Many of
these nongravity types of convection often are not considered on earth because
the gravity force is so much stronger and, thus, predominates. As a result,
littie is known about the nongravity forces. In low-g environments the non-
gravity forces will be of comparable magnitude to the low-g force. It is thus
essential to know for control purposes the characteristics of convection
caused by these nongravity forces and how they may couple with low gravity
fields.




Convection studies in space are essential, therefore, to space process-
ing, not to prove whether the various endeavors will work, but rather to estab-
lish the degree of suppression of thermal convection and to study previously
masked forms of low-level convection. Such studies will provide criteria for
future space processing activities.

To obtain information on the nature and magnitude of natural convection
in low-g environments, two sets of experiments were conducted in the low-g
environments encountered in space flight. The first set was conducted aboard
the Apollo 14 flight by Astronaut Stewart Roosa on February 7, 1971. Results
of the Apollo 14 Heat Flow and Convection Demonstration Experiments are
given in References 8, 9, and 10. The Apollo 17 HFC Experiments were con-
ducted on December 8, 1972, by Astronaut Ron Evans. A preliminary report
of the results of the Apollo 17 HFC Experiments is given in Reference 11, and
the present report presents the final results of an extensive data analyses
study.

In the Apollo 14 HFC, three experimental tests were conducted. Cell-
ular motion, which developed as the result of heating an open pan of oil, was
observed in the Flow Pattern Experiment. Fine aluminum flakes suspended in
the oil rendered the flow pattern visible. In the Radial Heating Experiment, a
closed dish of carbon dioxide gas was heated by means of a center post heater,
and the resultant temperature changes were tracked. The third test consisted
of zone-heating cylindrical containers of pure water and 20-percent sugar
solution and tracking the resultant temperature changes. Liquid crystal tapes
which respond to temperature changes by changing color were the temperature
detectors. The results of the experiments showed significant convection
caused by nongravity motive forces. The Flow Pattern Experiment showed
visible surface tension-driven cellular convection. The Radial Experiment
showed two different kinds of low-g convection: a sustained mode, called
first-order, and an oscillatory mode, called second-order. The magnitude of
the first-order convective heat transfer was estimated (very approximately) to
be on the order of from 10 to 30 percent above that of pure conduction and
radiation prediction. The amount of first-order convective heat transfer
observed in the two zone-heating experiments was lower, and it was therefore
not meaningful to give a reliable estimate of its magnitude. Second-order con-
vection was also noted in the zone-heating experiments.

In the Apollo 17 HFC, two of the experiments, the Flow Pattern Exper-
iment and the Radial Heating Experiment, were repeated in cells of improved
design. The Apollo 17 Radial Heating Experiment also utilized a different
gas (argon). The third experiment, replacing the Apollo 14 Zone Heating




Experiment, was the Lineal Heating Experiment. In this latter experiment a
cyvlinder of oil was heated from one end. Suspended magnesium particles and
an internal grid of liquid crystals were the fluid flow and temperature sensors,
respectively. The results of the Apollo 17 HFC Experiments were listed pre-
viously in the Summary.

In the following discussions the details of experiment construection,
results, and interpretations are given. Implications of the results of the HFC
experiments for space processing operations are also considered.

[




1. EXPERIMENTAL APPARATUS, CONDITIONS,
AND PROCEDURES

The apparatus used in the Apollo 17 HFC Experiments is shown in
Figure 1. A schematic identifying the various experiments is shown in Figure
2. More detailed drawings of the test cells are shown in Figure 3. Hardware,
design, and operating details can be found in Reference 12. Table 1 summa-
rizes the physical properties of the fluids involved, and Table 2 gives most of
the flight boundary conditions at the time th& experiments were performed.
Data on the magnitude of the acceleration levels and the variation of the g-vector
with time were obtained from magnetic tape gyroscope data. These data were
analyzed via a computer program, and plots of each g-component versus time
were obtained for a time interval (a meaningful visual scale was used) during
the performance of the HFC Experiments. The data included not only the roll
rate of the spacecraft but the variation of roll rate with time., The data, there-
fore, consist of oscillatory profiles of g versus time, taken at 2-sec intervals.
A sample of this information is shown in Figures 4a through 4c. The g-level is
seen to oscillate (g-jitter) about '"zero" with an amplitude of about 107" g, and

with the frequency somewhat random. Careful examination reveals a mean mag-
nitude of about 107° g, during the HFC Experiments. (A preliminary analysis

shows that the probable error of the g-calculations is approximately 1 X 1072 Be-

The accuracy will be further detailed in a forthcoming report by Holland et al. )
The same type of data for the Apollo 14 flight was taken at 30-sec intervals. An
accurate determination of the variation in roll rate, therefore, was not possible
and, as a result, the g-jitter is not as accurately defined as in the Apollo 17 case.
The magnitude of the mean gravity level experienced during the Apollo 14 HFC
wasg about the same as in the Apollo 17 flight; i.e., a mean magnitude of about
107° g With an occasional spike into the 1075 g range [13]. Although a mean

g-jitter level for the Apollo 14 case was indicated to be about 107° ge by the

data, this value is questionable because of the previously mentioned lack of
knowledge concerning the roll rate variation. Additional evidence from track-
ing bubble movement in the Apollo 14 Zone Heating cell indicates that the
vibration level at the location of the Apollo 14 HFC unit was of the order of
1073 to 107 g,. (See Section IV.C. 3.)

As mentioned in the introduction, liguid crystal tapes were used as
temperature sensors in the Radial and Lineal cells. Liquid crystal tapes
were also used to obtain temperatures of the apparatus box and the ambient
cabin temperature for each test. Liquid crystals are a class of organic com-
pounds which have the property of selectively scattering light frequencies as
a function of temperature. When applied in a thin layer fo a black background,

6




Figure 1. Apparatus configuration for the Heat Flow and Convection
Demonstration for Apollo 17.

these liquid crystals are transparent below their response rahge so that an
observer sees the black background. As the temperature increases, light is
scattered so that an observer sees various colors in the order of amber to
green to blue. Amber corresponds to the lower temperature and blue to the
higher temperature. Liquid crystals which have been made into tapes are
available commercially. These tapes consist of a thin, black Mylar sheet
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Details of the Apollo 17 Heat Flow and Convection Experiments.
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TABLE 1. PHYSICAL PROPERTIES OF APOLLO 17 AND 14 FLUIDS
k, Cp’
T, P, [T v, cal/em/ o, B, cal/gm/
Fluid °C gm/cm? poise cm?/sec see°C cm?/sec et °C Pr
Argon 0 1.78x 1073 | 2.1x 107 0.118 3.76 x 107° 0.176 8.70%x 1073 0.12 0.955
149 1.64 x 1078 2.9 x 107* 0. 177 5.57 X 1077 0.262 3.70x 1078 0.13 0,68
Carbon Dioxide 65.5 1.6x 1078 | 1.70 x 1074 0.106 4.63 % 1075 0. 140 3.72x 1078 0.210 0.76
149 1.31x 1073 | 2.04 x 10™% 0.155 6.16 x 1073 0.216 3.72x 1078 0. 230 0,72
Krytox 143AA% 65.5 1.85 0.666 0.36 2.02 x 1074 0.45% 1073 | 1.045 x 10~° 0.243 | 800
93.3 1.74 9.38x 1072 0.054 1.96x 1074 {0.437x 1073 | 1.045x 107% 0.259 | 123
Water 37.8 0.992 6.83x107% | 6.88x 1073 | 1.50x 1073 1. 52 x 1073 2.07 x 10~4 0.998 4,53
65.5 0.98 4.35%x 1073 | 4.43x 1073 | 1.59x 10™° 1.62 x 1073 2.07 x 10~4 1. 000 2.74
Krytox 14342 ° | 37.8 1.83 0.329 0.18 1.1x 1078

2. Krytox 143AZ and 143AA are DuPont trade names for a series of perfluoroalkylpolyester oils.

met flight safety requirements.

These oils were chosen because they

b. The actual fluid used in the Apollo 14 and 17 Flow Pattern Experiments consisted of the following mixture: Krytox 143AZ plus 0. 15

percent by weight fine aluminum powder (Alcoa grade 422) and 1/600 by volume Krytox 157 (a surfactant to keep the aluminum

particles suspended).

Notes: T — temperature
p — density
u — coefficient of viscosity
v — kinematic viscosity
k — thermal conductivity

o — thermal diffusivity
B — volumetric expansion coefficient
C_ — specific heat

Pr — Prandtl number (=-’;—>
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TABLE 2. APOLLO 17 HFC DEMONSTRATION EXPERIMENT

FLIGHT BOUNDARY CONDITIONS

a b Frame No. Cabin Cabin
wT GET of Motion Line Voltage, Temperature, Pressure,
Event (hr:min:sec) (hr:min:sec) Picture Data Heating Rates Vde °C psi
Watch Set 18:30:01 42:56:52 29.0 0.4 17.8 4.8
First Tests
¢ Radial/Lineal
On 6:34:01 43:00:52 58 Radial — 5W 29.0 £ 0.4
Off 6:44:05 43:10:56 Lineal — 18 W
¢ Begin Pumping Krytox 6:49:20 43:16:11
¢ End Pumping Krytox 6:53:00 43:19:51
e Flow Pattern
(2-mm nominal depth)
On 7:04:05 43:30:56 7.5W 28.8 % 0.4
Off 7:19:09 43:46:00
Watch Reset 9:04:00 45:30:38 18.3 to 20
Second Tests
@ Radial/Lineal
On 9:05:05 45:31:38 3044 Radial ~ 5 W 28,7 0.4
Off 9:15:04 45:41:42 Lineal — 18 W
@ Flow Pattern
(4-mm nominal depth)
On 9:37:48 46:04:26 5W
Off 9:53:25 46:20:03

a. Watch time.
b. Ground elapsed time.
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coated with liquid crystal material and covered with clear plastic. An adhesive
is coated on the back of these tapes so that they can easily be applied to a sur-
face for temperature measurement. By varying the composition of the com-
pounds used in the tapes, different temperature response ranges can be
achieved. The temperature response of the tapes is unaffected by small pres-
sure variations and low-g environments (see Appendix A),

Each identifiable color actually represents a segment of the total
response range of the crystal. For instance, if a liquid crystal tape has a
range of 30 to 36°C, then amber might represent 30 to 33°C, green 33 to 35°C,
and blue 35 to 36°C. By using the leading edge of a color band as a reference
point, temperatures can be determined with a good degree of precision. This
is illustrated in Figure 5.

Movement of Color Bands -

Heat — Dark blue Blue Green Amber Black

386° 35° 33° 30°
Figure 5. Illustration of color bands in a liquid crystal tape.

The liquid crystal tapes used on the Apollo HFC were obtained from
Hoffmann LaRoche Company. The crystal tape designation and the manufac-
furer's nominal temperature ranges are shown in the following table. Figure
6 shows the locations of these tapes on the HFC unit, and Table 3 gives precise
calibrated temperature values.

Crystal
Designation A B C D E F G H I J K

Nominal
Temperature| 16. 5- | 21, 0- | 23. 0~ | 24, 0-] 27.0~ | 29. 5~ | 32. 0~ | 34. 8~ 35, 0~ {40~ |20.0-
Range, °C 21.5 } 28,0 }25.75130.0 }36.2535.0 |37.75}44.0 [46.5 |46.5]23.0

Data from the experiment were in the form of a 16-mm film taken at
1 frame/sec. From this film, color position versus time could be obtained
for each crystal in the cells. Also the initial colors of each crystal at the

15




(Ambient I
Temperature) Hle G
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FIJ
" 5 INERESIS)
G E (Unit Temperature)

(Radial Cell)

Figure 6. Location of liquid crystals on Apollo 17 HFC.

beginning of each run were determined, thus giving initial and ambient tem-
peratures within the test cells.

The theory of utilizing liquid crystal tapes to determine the tempera-
ture of a surface was considered in the Apollo 14 HFC research and development
work. Both isothermal (the case of a surface which is slowly heated or cooled
over its entire area) and dynamic (the case of a surface being heated or cooled
such that a temperature gradient exists in the surface) studies were made [9],
and a technique for calibrating liquid crystal tapes for the application of map-
ping convective heat transfer was developed. In the present study, more
extensive calibration studies were conducted. The details of these studies are
given in Appendix A. Table 3 presents both the isothermal and dynamic tem-
perature values for the Apollo 17 liquid crystal tapes obtained in the calibration
studies. The accuracy of the calculated theoretical curves set the accuracy re-
quirement of the liquid crystal tapes approximately at + 1°C. Assuming the
precision error reflects the accuracy error of the liquid crystal tapes, it can
be seen from Table 3 that the accuracy of the liquid crystal tapes falls well
within the required limit.

A number of ground tests were conducted to ascertain the error associ-

ated with liquid level height in the Flow Pattern Experiment. The procedure
followed to determine the error consisted of measuring the height of the liquid

16




TABLE

2
[

ISOTHERMAL TEMPERATURES

VALUES OF LIQUID CRYSTAL DYNAMIC AND

Dynamic Temperatures
Tape and Precision Tape and Precision
Color °C (rms) Color °C (rms)
Tape D Tape H
Amber 24.7 +0, 2 Amber 36.3 +0.3
Green 26.5 +0, 3 Green 37.4 +0.4
Blue 28. 8 +0,6 Blue 39.0 +0.7
Tape E Tape I
Amber 26.9 +0. 8 Amber 35.7 +0, 2
Green 28.6 +0, 5 Green 37.8 +0. 2
Blue 30.7 +0. 6 Blue 41.0 +0.4
Tape F Tape J
Amber 30.0 +0,4 Amber 42,6 +0.4
Green 31.8 +0.5 Green 44,7 +0, 4
Blue 34.5 +0, 8 Blue 47.3 +0.9
Tape G
Amber 32.0 +0,9
Green 33.5 +0. 6
Blue 35,1 +0,. 8
Isothermal Temperatures
Tape C D E
Precision Precision Precision
COIOI‘ Value (rms) Value (rms) Value (rms)
Brown 22,9 +0.4 24.6 +0. 3 27.0 +0,5
Amber 23.4 +0.2 2b6.5 +0.4 27.5 +0. 6
Yellow Green 23.8 +0, 2 26.2 +0, 2 28.1 +0.4
Green 24, 2 +0.3 26.8 +0,3 28.7 +0.5
Blue Green 24,6 +0, 2 28,2 £0.6 29.5 £0,5
Dark Blue Green| 25.0 +0. 2 28.7 +0, 5 30.1 +0.6
Blue 25.4 +0, 2 29.6 +0, 4 30.7 +0.7
Dark Blue 25.8 +0, 3 30.5 +0. 8 31.4 +0, 8

17




introduced into the Flow Pattern pan with a microheight gauge to which a

needle was attached. The needle gauge facilitated locating the free liguid sur-
face. Liquid was introduced into the Flow Pattern cell according to directions

given in the Operating Procedures document [12]. These directions are:

Rotate FLUID INJECT CW evenly and slowly until liquid is just sighted enter-

ing the pan. Slowly continue rotation exactly four revolutions CW. The HFC

apparatus was designed so that four revolutions CW would result in a nominal

ligquid layer depth of 2 mm. The measurement obtained by four different

observers is shown in Table 4.

TABLE 4. MEASURED LIQUID LEVELS
IN FLOW PATTERN CELL

2-mm Level

4-mm Level

Height Observer Height Observer
1. 89 1 3.73 2
1.81 1 3.76 2
1.94 1 3.58 1
1.95 2 3.64 1
1.88 2 3. 80 3
2.00 3 3.67 4
1.96 4 3.79 1
1.83 1 3.83 1
2.06 1 -

1.89 (Avg) 3.73 (Avg)

Root Mean Square Error: +0. 11

Root Mean Square Error: +0. 09

The Radial and Lineal Heating Experiments were run concurrently.
The astronaut, after light setup and camera start, simply turned the opera-

tions switch to start the heat. Heating continued for 10 min during which time

18




the color changes on the liquid crystal tapes and any magnesium particle move-
ments in the Lineal cell were photographed by the motion picture camera.
Photography of the color changes on cooldown continued for 2 min after the
heat was stopped.

Upon completion of the Radial-Lineal run, the cover on the Flow Pat-
tern unit was opened. The flow valve was then opened and the fluid inject knob
was turned slowly four complete revolutions. Four turns of the knob allowed
sufficient Krytox oil to flow into the pan to give a 2-mm deep layer of oil over
the bottom of the pan. The bottom of the pan was constructed of aluminum
which is wet by the oil. Spreading of the oil when first injected into the pan
in zero-g was caused by adhesion forces. The oil layer was constrained to
maintain an approximately flat surface in zero-g by small side baffles (Fig. 2).
After the oil was injected, a waiting period of 2 min was allowed to permit
fluid motion introduced by pumping to damp out. After this period, the heat
was turned on and subsequent motions were recorded on film. The experiment
ran 15 min. A total of 2 min of ccoldown time was also photographed.

The complete sequence of experiments was repeated at a later time.

The only difference between the two sequences was that a layer 4 mm deep
rather than 2 mm deep was heated in the Flow Pattern Experiment.

19




[, FLIGHT RESULTS

A. Flow Pattern Experiment

Cellular convection was observed in both the 2-mm and 4~mm deep
layers. Before the photographs of these figures are contemplated, however,
it is well to keep in mind that the layers of fluid in which the convection devel-
oped were not perfectly flat. In filling the pan prior to the performance of the
flight test, it was discovered that sizeable air bubbles somehow had been intro~
duced into the test fluid. The cause of the bubbles is not known. No trouble
with sizeable air bubbles had been encountered in the Apollo 14 HFC test.
Because of the bubbles the designated number of turns of the fluid inject knob
failed to completely cover the bottom of the pan. Astronaut Ron Evans, after
conferring with the Principal Investigators on the ground, then injected more
fluid until the bottom of the pan was completely covered.' In doing so, he
probably injected more fluid than the baffle could constrain to a reasonably flat
surface. Astronaut Evans reported that the layer of heated oil was convex in
shape as shown in the sketch below. He estimated that the thickness in the
center was twice the baffle height.

Bottom of Pan

Some difficulties resulted in a convex shaped layer in the 4-mm case also.
Exact fluid depths in the Flow Pattern tests are, therefore, not known.

1. While discussing the bubble problems with the Principle Investigators on
the ground, two methods of circumventing the difficulty were conceived and
attempted. Prior to the 2-mm run, Astronaut Evans attempted to puncture the
bubbles with his pen. The bubbles moved to one side or the other, resulting in
no bubbles being eliminated. The second method was attempted between the
2-mm and 4-mm runs. In this approach, the fluid was pumped back into the
reservoir and the bubbles tended to remain in the dish. Astronaut Evans wiped
the dish clean at a point when about 80 percent of the fluid had been returned.
Thus, only a few bubbles remained in the 4-mm run and are believed by the
authors to be the origin of the two regions of smaller Bénard cells in the 4-mm
run. Apollo 14 Astronaut Stuart Roosa was in the control room during this
time period on Apollo 17 and proved to be an invaluable asset in running this
experiment.

20




Figures 7 and 8 show the types of convective cells observed in the
Apollo 17 Flow Pattern Experiment. Figures 9 and 10 show the types of cells
obtained in ground tests. For comparison the type of convection cell obtained
in the Apollo 14 HFC Flow Pattern Experiment is shown in Figure 11.

The time intervals between when the heat was first turned on and when
convection was first noted are tabulated in Table 5.

Conduction temperature profiles at the time of convection onset were
calculated by means of a computer for various cases. (See Appendix B for
details of the modeling.) Figures 12 through 15 are typical of the types of
temperature profiles obtained. It can be seen that the temperature profiles
are somewhat curved (nonlinear) instead of being straight lines (linear). From
these curves it is possible to determine an overall temperature drop through
the layers; i.e.,

AT = Tsurface - Theated wall

Knowing the AT then enables calculation of appropriate dimensionless numbers.
(See Appendix B for definitions and discussions of various dimensionless num-
bers used in the present study.) The relevant numbers of interest here are
the Marangoni number, Ma, and the Rayleigh number, Ra. These numbers

for the various cases of interest are given in Table 6 (for a flight nominal
gravity level of 107° ge) .

Average cell sizes were optained by determining from a photograph,
with a planometer, the area of each cell. The areas were then averaged and
an average diameter was determined from the average area, assuming the
cells were circular in shape. The areas and cell diameters determined in
this way are given in Table 7.

The manner in which cellular convection developed is summarized in
Table 8. The data presented indicate that the side baffles for retaining the

2-mm oil layer did not exert any appreciable effect on the observed convection
in the 4-mm layer,.

The presence of bubbles in the test fluid apparently influenced the
manner in which cellular convection began. Although it was not evident from
the film record, Astronaut Evans reported that in the 2-mm case each bubble
looked like the locus or the start of a cell. In the 4-mm case, only a few
bubbles were visible and these did not seem to exert any appreciable influence

21
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Figure 7. Convection cells obtained in 2-mm deep oil
during Apollo 17 flight (14 min 19 sec after convection onset,
7.5-W heating rate).




Figure 8. Convection cells obtained in 4-mm deep oil
during Apollo 17 flight (10 min 55 sec after convection onset,
5-W heating rate).
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Figure 9.
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Convection cells obtained in 2-mm deep oil
(14 min 20 sec after convection onset,
7.5-W heating rate).
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Figure 11. Convection cells obtained in Apollo 14 HFC Experiment (7.4-W
heating rate, liquid volume sufficient to give 2-mm layer on ground).

TABLE 5. FLOW PATTERN CONVECTION ONSET TIMES
FOR APOLLO 17 AND GROUND CASES

Convection Heating Rate,
Apollo 17 Onset Times W
Nominal 2 mm 18-21 sec 7.5
Nominal 4 mm 48-60 sec 5.0
Ground Tests
0.986 mm 9. 5 min 7.5
0.998 mm 7.5 min 7.5
1.25 mm 3 min 7.5
1.78 mm 3.5 min 7.5
1.84 mm 2 min 7.5
1.94 mm 1.75 min 7.5
| 1.97 mm 2 min 5
. 2.84 mm 2.5 min 5.0
3. 96 mm 2 min 5.0

26
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TABLE 6, MARANGONI AND RAYLEIGH NUMBERS
AT FLOW PATTERN CONVECTION ONSET

Ma Ra
Apollo 17
2-mm Case 400 3% 10”7
4-mm Case 1320 4 x 10~
Ground Test
2-mm Case 927 695
4-mm Case 2580 7710

TABLE 7. APOLLO 17 CONVECTION CELL
AREAS AND DIAMETERS

Average Average Average Average
Area, Deviation, Diameter, Deviation,
cm? cm? cm cm
Apollo 17 0.4 +0. 2 0.7 +0. 2
2-mm Case 1.5 +0. 8 1.4 +0.4
4-mm Case
Ground Test
2-mm Case 0.5 +0. 1 0.8 +0.1
4-mm Case 1.5 =0, 2 1.4 +0, 1

upon the observed convection. However, Astronaut Evans reported that when
upon completion of the test he pumped oil out of the pan he noticed two bubbles
attached to the surface of the pan.

In view of these observations concerning bubbles, a ground test was
conducted in which a pan of fluid, of the same composition as used in the
flight test, was put in a vacuum chamber. The chamber was evacuated and
pumping was continued until no evidence of dissolved air remained. The fluid
was then heated from below. No differences in convection onset times or
manner of convection onset, as compared to aerated fluid, were noted. It
may, thus, be concluded that although the bubbles influenced convection onset
times and onset manner somewhat, there was no major effect.

© 31




TABLE 8.

APOLLO 17: MANNER OF CELLULAR

CONVECTION ONSET

Apollo 17
2-mm Case 7. 5~W Polygonal cells start in center of pan first.
Heating Side roll about a second later. Cells invade
side roll about 3 min 28 sec later.
4-mm Case 5-W Large circular cells which subdivide into
Heating smaller cells.
Side rolls and center polygonal cells form
at the same time.
Cells eventually fill entire pan.
7.5-W About same size cells as at low heating rate.
Heating Flows are faster, however.
Ground Tests
2-mm Case Rings first form around edge which then break
4-mm Case down into cells. Cells appear in center last.
Apollo 14 Case
Fluid volume Polygonal cells form in 8 min in thin center
sufficient to layer. Cells toward edge of pan form about
form 2-mm 23 sec later.

layer on
ground. Fluid
depth in center

of pan about
0.25 mm.

B. Radial and Lineal Heating Experiments

Figures 16 and 17 are typical of the curves obtained from the motion
picture film of the Apollo 17 Radial Heating Experiment. The solid theoretical
curves were calculated by computer assuming that conduction and radiation
are the only forms of heat transfer present., A discussion and evaluation of
possible errors associated with the experimental curves are given in Appendix
C. Details of the thermal modeling and a full set of temperature-time curves
are given in Appendix D. For comparison a similar typical curve obtained
from Apollo 14 HFC is shown in Figure 18,
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Figures 19 and 20 are typical of the curves obtained from the Apollo 17
HFC motion picture film of the Lineal Heating Experiment. As in the Radial
Heating Experiment, the solid theoretical curves are the theoretical conduction-
radiation curves. Details of the thermal modeling of the Lineal cell are given
in Appendix D along with a full set of flight curves. For comparison, a similar
typical curve obtained from the Apollo 14 Zone Heating Experiment is shown
in Figure 21.
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V. INTERPRETATIONS

A. Summary of Interpretations

Flow Pattern Experiment

e The sizes of the observed surface tension-driven convection cells
agree fairly well with those predicted by linear analysis of surface tension-
driven, cellular convection.

e Convection occurred at lower temperature gradients in low-g than in
one-g. Surface tension and gravity, therefore, apparently do not reinforce
each other in a manner predicted by one analysis of cellular convection,

e The Flow Pattern Experiment data substantiate in principle the
postulate that gravity modulates cellular convection onset.

e The onset of a concentric side roll and center polygonal cells in the
Flow Pattern Experiment occurred at about the same time. The occurrence
of a roll is contrary to expectations based on latest literature. The observed
onset pattern tends to confirm an earlier view that rolls are side wall effects
and are not particularly characteristic of the driving mechanism.

Radial and Lineal Heating Experiments

e No significant convection was observed in the Radial or Lineal Heat-
ing Experiments. The data, however, validate the accuracy of the measuring
technique and allow the conclusion that:

e The convection observed in the Apollo 14 Radial and Zone cells was
probably caused by HFC unit and spacecraft vibrations.

B. Flow Pattern Experiment

Briefly, the Apollo 14 Flow Pattern Experiment showed [10]:

e Surface tension alone can drive cellular convective flow of visible
magnitude.

e A critical temperature gradient is required for surface tension-
driven cellular convection.
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e A polygonal cellular pattern ig preferred for surface tension-driven
convection in a thin liquid layer of uniform thickness.

e A low-g, edge type, surface tension-driven convection is caused
by a radial temperature gradient.

Because the Apollo 17 experiment produced more quantitative data,
more rigorous comparisons with theory are therefore possible. In the fol-
lowing discussions the Apollo 17 data are compared to the predictions of a
number of theories. It is found that the size of the observed Apollo 17 convec-
tion cells are in fair agreement with the predictions of Pearson's theory [14].
The observed Apollo 17 convection onset times, however, indicate that, con-
trary to Nield's theory [15], gravity and surface tension are not coupled in a
manner that would result in strong reinforcement at all convective wavelengths;
i.e., if the cells caused by gravity and by surface tension tend to be the same
size, then they tend to annul fluid motion. If the cell sizes tend to be consid-
erably different, however, then gravity and surface tension tend to reinforce
motion. Although the determinants of possible cell size at present are not
well understood, the dimensions of the container and the fluid depth are prob-
ably two of the most important. The latter interpretation derives from the
theories of Scriven and Sternling [16] and of Smith [17] which take into account
possible surface deformations.

Before comparisons with theory are discussed, it may be well to men-
tion that the mean 10~? g gravity level obtained during performance of the
Apollo 17 HFC Flow Pattern Experiment was much too low to have caused the
cellular convection observed. The value of the critical Rayleigh number,
which must be exceeded for gravity-driven cellular convection to occur in a
layer of fluid heated from below, is on the order of 513. (See Appendix B for
a discussion of dimensionless numbers.) In the Apollo 17 case, the Rayleigh
number at the time convection was seen to occur was on the order of 107 7.
Thus, the Apollo 17 cellular convection was driven by surface tension alone,
The Apollo 17 data, therefore, can serve to yield information not only on the
nature of pure surface tension-driven convection but also on the manner in
which surface tension couples with gravity on earth.

1. Comparisons with Linear Theories. We consider here Pearson's
and Nield's theories of cellular convection. Pearson's theory deals with cell-
ular convection driven by surface tension alone. Nield's theory takes into
account surface tension and gravity. Both theories require that the tempera-
ture gradient through the liquid be linear at the onset of convection, as shown
in the following sketch.
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To achieve linear temperature profiles in actual practice, very slow
heating rates are used. In the Apollo 14 and 17 Flow Pattern Experiments
fairly substantial heating rates were used. Pearson's and Nield's theories
also assume a rigid nondeformable liquid surface. This assumption is usually
not realistic. The surface of a convecting layer of Krytox oil does show con-
siderable deformation [5]. A further assumption of both theories is that the
layer of fluid being heated is infinite in extent. The theories of Pearson and
Nield, therefore, are not strictly applicable. They do serve, however, as
points of comparison. The effects of side walls, temperature nonlinearity,
and surface nondeformability on the predictions of Pearson's and Nield's theo-
ries are considered subsequently.

The theoretical predictions of Pearson's and Nield's theories are pre-
sented in Table 9 in summary form.

A comparison of Pearson's prediction of the values of the critical
Marangoni number and the cell size for the conditions of this experiment to
the Apollo 17 results is presented in Table 10.

It can be seen that the observed cell sizes compare quite well with
those predicted by Pearson's theory. The observed values of the critical
Marangoni number, however, are higher. The given observed values, how-
ever, should really not be compared to Pearson's predicted value because the
observed values were calculated from nonlinear temperature profiles as dis-
cussed in Section III.

Nield's theory would lead to the expectation that the onset of convection
would occur later (at larger temperature differentials) in the zero-g case than
in the one-g case. According to Nield's theory the convective driving forces
of surface tension and gravity reinforce each other. Actual data showed just
the reverse trend. Table 11 summarizes the actual comparisons.

The Apollo 17 data indicate that surface tension and gravity do not rein-
force each other. Surface tension and gravity apparently work against each
other. Before any conclusions can be reached regarding Nield's theory, a
number of other considerations need to be discussed because Nield's theory
has received experimental verification [18] in one-g conditions when very slow
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TABLE 9. SUMMARY OF THEORETICAL PREDICTIONS
OF CELLULAR CONVECTION

Pearson's Theory

e Value of critical Marangoni Number (Ma) 80.

e For a given temperature gradient a critical liquid depth exists.

e Diameter of convecting cell, £ (JZ

il

2 mm 4 mm
7.3 mm 14,6 mm

d
£

i

47d

= — X 1.732
3a 7

e Presence or absence of convection depends on direction of temperature

gradient,

Nield's Theory

e Gravity and surface tension couple in a manner such that convection is
easier to initiate when coupling is present than when it is not.

e Presence of convection possible when heating from above or below .

TABLE 10. COMPARISON OF APOLLO 17 FLOW PATTERN

RESULTS WITH PEARSON'S THEORY

Critical Marangoni Number

Diameter of Convecting Cells

Pearson Apollo 17
80 400
(2-mm layer)
1320
(4-mm layer)
7.3 mm 7 mm (avg)
(2-mm layer)
14. 6 mm 14 mm (avg)

{@~mm layer)
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TABLE 11. FLOW PATTERN CONVECTION ONSET TIMES
AND CORRESPONDING MARANGONI AND RAYLEIGH NUMBERS

Fluid Depth, Onset Time, 2 Heat Rate,
Test mm sec Ra Ma W
Ground Test 1.97 120 695 927 7.56
Apollo 17 Flight Test - ~1.89 18 3 x 10-7 400 7.56
Ground Test 3.96 120 7710 2580 5.18
Apollo 17 Flight Tests ~3.73 48 4% 108 1320 5.18

a. Time interval from moment heat turned on to moment convection first observed.




heating rates were employed. The Apollo 17 data, therefore, can only mean
that nonlinear or boundary effects not included in Nield's theory are responsible
for the observed nonreinforcement of gravity and surface tension.

In the following paragraphs some possible influences which could mod-
ify the conclusions of Nield's theory are considered.

2. Effect of Fluid Properties, Side Walls, and Other Realistic Bound-
ary Conditions. A number of analyses have considered the effects of more
realistic boundary conditions and of fluid properties on the values of the criti-
cal Rayleigh and Marangoni numbers. The effects of quantities such as the
Prandtl number, Biot number, aspect ratio, heater versus fluid thermal con-
ductivity, and sidewall conditions have been considered in varying detail.
Table 12 gives values of various dimensionless parameters for the Apollo 17
case. Assuming that a linear temperature profile exists in the fluid layer,

TABLE 12, APOLLO 17 CONVECTION DIMENSIONLESS
PARAMETERSa FOR FLOW PATTERN UNITb

Parameter Value
Prandtl Number 444
Biot Number 1
Aspect Ratio MS—) 9

depth
k /K © 1000
Heater’ Krytox
Crispation Number 4x107°
Bond Number 3x 1073

a. See Appendix B for definitions of the various dimensionless parameters.

b. Fluid consists of Krytox 143A%Z oil at a depth of 2 mm. Physical
properties evaluated at 38°C (100°F).

¢. The symbol k represents thermal conductivity. The heater material
is aluminum.
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the preceding parameters and the Apollo 17 boundary conditions result in a
critical Marangoni number of 115 [17, 19] and a critical Rayleigh number of
513 [20] . With the exception of Bentwich [19], no theoretical or experimental
studies were found in the literature regarding the edge effects (aspect ratio
and sidewall thermal conditions) on cellular motion induced by surface tension
forces. Thus, the preceding value of the Marangoni number does not include
possible edge effects. (See Appendix B for a further discussion of these
effects on criticality conditions. )

Although the critical Marangoni number is raised from 80 to 115 when
more realistic fluid properties and boundary conditions are considered, the
observed flight values of 400 (2-mm layer) and 1320 (4-mm layer) and ground
values of 787 (2-mm layer) and 2341 (4-mm layer) are still quite a bit higher.
Existing theories of fluid property and boundary condition corrections, there-
fore, cannot account for the discrepancies.

One other possible explanation for the increased AT required on the
flight test is the unsteady gravity level or g-jitter which existed. Previous
investigations of heating-from-below problems have shown that time-varying
gravity increases the critical Rayleigh number [21, 22].

3. Effect of Temperature Nonlinearity., To assess the effect of tem-
perature nonlinearity on the predictions of Pearson's and Nield's theories, the
conclusions of a number of papers dealing with this topic were considered. A
summary of these conclusions is presented in Table 13.

An examination of the various conclusions presented in Table 13 indi-
cates that the theoretical situation is contradictory and unsettled. On the basis
of the experimental papers, however, it can be concluded that a finite heating
rate sufficient to cause a nonlinear temperature profile prior to the onset of
convection probably would cause both the critical Marangoni and Rayleigh
numbers to be larger than predicted by linear theory. The larger critical
Marangoni numbers (compared to Pearson's prediction) obtained in the Apollo
17 Flow Pattern Experiment are, therefore, explainable on this basis. An
exact analysis does not exist, unfortunately, for the case of surface tension-
driven convection caused by relatively fast heating from below. Quantitative
comparisons, therefore, cannot be made at present.

Temperature nonlinearity, on the other hand, does not seem a likely
explanation for why the data of Table 11 are not in accord with expectations
derived from Nield's theory. Experimental data indicate fast heating increases
the critical Rayleigh and Marangoni numbers. Thus, if surface tension and
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TABLE 13. SUMMARY OF LITERATURE CONCLUSIONS REGARDING
NONLINEAR TEMPERATURE PROFITL.ES

Investigators

Type of
Investigation

Assumptions or
Boundary Conditions

Conclusions

Vidal and Acrivos, 1968 [23]

Currie, 1967 [24]

Berg et al., 1966 [25]

Debler and Wolf, 1970 [26]

Sparrow, Goldstein, and
Jonsson, 1964 [20]

Soberman, 1959 [27]

Davenport and King, 1973a

Theoretical

Experimental

Theoretical

Experimental

Theoretical

Theoretical

Experimental

Experimental

Surface tension only driving
force

Nondeformable surface

Infinite layer

Cooling from above

Evaporative cooling

Gravity only driving force
Heating from below

Infinite layer

Two rigid bounding surfaces

Evaporative cooling

Surface tension and gravity
driving forces

Heating from center

Nondeformable surface

Gravity only driving force

Free upper surface

Rigid upper surface also
considered

Heating from center

Rigid upper and lower surfaces
Heating from below

Surface tension and gravity
No meniscus effects
Cooling from above

Nonlinearity increases
critical Marangoni number
over that obtained in linear
case

Temperature nonlinearity
increases critical Rayleigh
number

Nonlinearity increases
critical Marangoni number

Nonlinearity decreases
both critical Rayleigh and
Marangoni numbers

Nonlinearity decreases
critical Rayleigh number
Rapid heating decreases
critical Rayleigh number

Faster heating increases
critical Rayleigh number

Nonlinearity increases
critical Marangoni number
to infinity

a. Davenport, L. F.; and King, C.J.: An Experimental Study of Convection Initiation in Deep Pools.
Submitted to J. Fluid Mechanics, September 1972.




gravity reinforce each other, as Nield would have it, convection in the
zero-g case should have started later, not sooner, than in the one-g case.

4, Effect of Surface Deformations. Two theoretical papers [16, 17]
have investigated the consequences of Pearson's and Nield's assumption of a
nondeformable liquid-gas interface. A summary of the conclusions of these
papers is given in Table 14.

The matter of the influence of surface deformation on the stability of a
heated layer was considered briefly in still another study [5]. In that study it
was pointed out in Nield's result that surface tension and gravity reinforcing
one another appears reasonable in light of the assumption made by Nield that
the surface is nondeformable. When the surface deflections resulting from
surface tension and from gravity-driven flows are considered, however,
Nield's conclusion seems contrary to expectation. For example, a represen-
tation of the flows as viewed from the side and occasioned by gravity and by
surface tension is shown in the following sketch [28].

Cold Cold
H
Hot ot Hot

! 1

Edge Center Edge Center Edge Center
U e
Surface Tension-Driven Flows Gravity-Driven Flows

As can be seen the deformations in the hot areas and the deformations in the
cold areas are exactly opposite. A nulling action rather than a reinforcing
action would thus be expected. The matter of possible cell size, however,
was not considered in the cited study.

In the papers of Scriven and Sternling and of Smith the matter of possi-
ble cell size is considered. The manner in which cell sizes are discussed in
these two papers, however, is in terms of fluid stability to disturbances of a
certain wave number. A footnote in the Scriven and Sternling paper notes
that [16]

48




6%

TABLE 14.

SUMMARY OF ASSUMPTIONS REGARDING SURFACE DEFORMABILITY

Convective
Driving
Theory Forces Assumptions Conclusions
Pearson [14] o e Nondeformable surface Critical Ma needed
e Infinite layer for convection onset
Nield [15] o+g e Nondeformable surface o +g reinforce each
e Infinite layer other
Scriven and o e Deformable surface No critical Ma
Sternling [16] e Infinite layer needed for convection
onset
Smith [17] o e Deformable surface Critical Ma needed
e Infinite layer for convection
e Effect of gravity on onset

surface deformation
considered




"for ordinary liquids in horizontal layers 1 mm or more deep the
action of gravity becomes significant for wavelengths exceeding
about 5 mm and could very well stabilize disturbances of longer
wavelength if the free interface is on top.'

The quote is translated to mean that if cells of more than 5-mm diameter tried
to form, gravity would damp them out. In a zero-g condition, however, form-
ation of larger size cells would meet with no interference from gravity.
Smith's analysis confirmed Scriven and Sternling's expectation that gravity
would stabilize a system with a free upper surface.

The observed easier onset of convection in the Apollo 17 case as com-
pared to ground tests is, therefore, in general accord with Scriven and
Sternling's and Smith's analyses. The fact that a finite time was taken for
convection onset means that a critical Marangoni number still exists. The
existence of a critical Marangoni number in the flight case is probably the
result of the fact that the layers in the flight case were not infinite in extent
so they, therefore, could only accommodate convection cells of certain large
sizes. These sizes, however, would have been damped out in one-g conditions.
In a recent telephone conversation, Dr. Scriven expressed agreement with
this interpretation.

The fact that Nield's theory, as has been mentioned previously, has
been experimentally verified under one-g conditions must mean that gravity
and surface tension reinforce each other when the possible gravity cells are
much larger than the possible surface tension cells. The reinforcement must
operate somewhat in the manner shown below.

Cold Hot Cold
Y WV e WP a WV e
P

Side Center Side

If both the gravity and surface tension cells were the same size, they would
cancel flow.

5. Comparisons with Theories of Cell Morphology. The manner of
convection onset is summarized in Table 8. One of the most notable features
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of the onset noted in the Apollo 17 case was the formation of both rolls and
polygonal cells. A number of papers have appeared which deal with the subject
of what determines the shape of the convection cells. In a circular pan such as
was used in the Apollo 14 and 17 experiments, only two types of cells need
concern us: concentric roll cells and polygonal — tending toward the hexag-
onal — cells. The situation regarding the determinates of cell shape is rather
confused because linear theories do not predict cell shapes and nonlinear
theories are fraught with difficulties. The general consensus in the literature
is that rolls are associated with buoyancy-driven convection and polygons pri-
marily with surface tension [29]. Koschmieder [30] contends that the rolls are
caused by the lateral wall and are not particularly determined by the driving
force. Koschmieder further holds that if the temperature were carefully con-
trolled above the oil-air interface, polygonal cells would not form immediately.
Rolls would first develop which would then break down into polygonal cells.

The topic is of enormous importance to the theory of cellular convection. It
would therefore, be extremely worthwhile to repeat the Flow Pattern Experi-
ment under carefully controlled conditions at the upper free surface to see
whether convection first begins with a pattern of rolls and then breaks down into
polygons. Such conditions probably will exist on the proposed Space Shuttle.

The fact that cellular convection started in the cell center as well as in
the rolls after a short period of time is in accordance with the Apollo 14 HFC
observations. In the case of the Apollo 14 HFC, however, such a large menis~
cus was present, as shown by the sketch, that the observed edge convection
was probably not related to the observed center cellular convection.

Heater

Shape of Apollo 14 Flow Pattern Oil Layer

C. Radial Heating Experiment

The fact that the form of Apollo 14 temperature-time curves differed
from those of Apollo 17 can be attributed to the presence of convection on
Apollo 14 and the lack of convection on Apollo 17. A number of causes for the
observed Apollo 14 convection are possible. These are:




Gravity (buoyancy convection),

[ ]

e Fluid thermal expansions (thermoacoustic convection).
e HFC unit and spacecraft vibrations (random convection).
e Coupled forces.

In the following discussions the experimental conditions for the Apollo 17 and
14 cases are compared to provide evidence for identifying the probable con-
vective force. The comparisons indicate that greater spacecraft vibrations on
Apollo 14 than on Apollo 17 are the most probable explanation for the observed
data.

1. Buoyancy Convection. With regard to gravity-driven convection,
the Radial unit is a "heating from the side'' problem. As described in Appen-
dix B, there is no critical Rayleigh number (RaC = 0) so far as fluid motion is

concerned. There remains, however, a critical Rayleigh number above which
heat transfer rate increases appreciably. There is also a critical Rayleigh
number above which small vortices occur in the corners of the container.

This effect, however, does not alter the heat transfer rate appreciably as com-
pared with conduction [31] . Marangoni criteria for this experiment are irrel-
evant because no fluid-fluid interface exists for surface tension to become a
significant driving force.

Experiments have been conducted on the ground for a gas confined in a
rectangular container having isothermal vertical walls at different temperatures
and insulated top and bottom plates [32]. The critical Rayleigh number was
found to be

Ra = 500 H/L (1)

where H is the height and L is the length of the container. This result
agrees with the theoretical prediction of Batchelor [31]. The preceding rela-
tion can be used to estimate the degree of buoyant thermal convection occurring
in this experiment. This estimation must be considered an order-of-magnitude
analysis, however, because the system investigated and the fluid are not quite
the same. A comparison of the theoretical critical and existing Rayleigh num-
bers for the flight experiment is, assuming a nominal gravity level of 10~? g,
as follows:




Ra of Apollo 17 Radial Cell During Flight Experiment 32 X 107°

Rac Theoretical 400

These numbers were based on the radius of the cell. The average properties
of argon for the temperature range of interest and the maximum temperature
gradient possible in the cell were utilized. The maximum possible tempera-
ture gradients were generated ysing the conduction-radiation thermal model.,
(See Appendix D.) '

It is evident that

Ra/RaC = 8 x 1077 << 1 ,

which means the likelihood of buoyant thermal convection was negligible in the
flight test even when the temperature gradient was at a maximum. Further-

more, the theoretical critical number indicates that a gravity level of at least
1073 ge for the calculated temperature gradient is required to induce manifest

buoyant, thermal convection. Thus, it may be concluded that sustained con-
vection in the radial heating unit caused by gravity alone is unlikely, because
the maximum g-level never exceeded 107° ge

Convection sensitivity criteria for the Apollo 14 Radial cell flight test
indicate that Ra/RaC =~ 2 x 10°% For the Apollo 14 unit, the properties of

CO, were used and a nominal gravity level of 107° g, - Thus, it can be con-

cluded that although buoyant thermal convection was more probable in the
Radial unit of Apollo 14 than Apollo 17, the possibility of such convection in
either case is negligible.

The preceding analysis is based on the use of dimensionless numbers
and can only indicate order of magnitude. More precise information is
obtained from computer calculations. In the course of other studies a general
computer program was developed which allows calculation of convective effects
caused by gravity and thermal volume expansions. This program is called the
Lockheed General Convection Program (LGCP). Details of the convection
modeling used in this program are given in Appendix E. A convection analysis,
using the computer program, was performed on the Apollo 14 and 17 Radial
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cells in an attempt to explain the different behavior of the two flight experi-
ments. The following paragraphs present the results of the computer analysis.,

Runs were made for both the Apollo 14 and 17 cells with a constant g as
a parameter. In addition, gravity oscillations or g-jitter effects were exam-
ined by inputting the actual time-varying gravity components into the computer
program. The effects of thermal expansion convection alone were analyzed by
using g = 0. (See Section IV, C. 2 for an explanation of thermal expansion or
thermoacoustic convection.) The results of these and other parametric
studies are summarized in the following paragraphs.

The first cases studied consist of the Apollo 14 and 17 geometries and
fluids at g =0 . These cases were run to determine the magnitude and influ-
ence of thermal expansion-driven convection in the absence of gravity. The
results for both the Apollo 14 and 17 cells indicate very little increased heat
transfer due to "'thermoacoustic effects.' The average increase in the tem-
perature at the liquid crystal strip at t = 600 sec is of the order of 0. 5 percent
for the Apollo 17 cell and 1 percent for the Apollo 14 cell. This small differ-
ence between the pure conduction values and the thermoacoustic convection
values is well into the noise level of any flight data taken. It can thus be con-
cluded that thermal expansion convection alone contributed very little to the
heat transfer in the Radial Cell Experiment.

The next cases analyzed consist of a simulation of the Apollo 17 HFC
Radial cell at a constant level, g = 107% ., Thus, both thermoacoustic and
gravity-driven convection are possible. In addition, parametric cases were
run with g = 1073 and g = 1 to determine the trends and magnitude of the
effects of gravity on the Radial cell, The results are summarized in Figure 22,
The temperature-time history of the crystal strip at r = 0.6 cm from the
heater post is shown in Figure 22. The solid line is the pure conduction curve,
and the circles are the actual HFC flight data. The 10~% g case, which is also
shown as the solid line, provided less than i1-percent change over the pure
conduction curve. This reinforces the conclusion that no significant convec-
tion occurred in the Apollo 17 Radial Cell Experiment.

The g = 1073 and g = 1 cases show significant increases in the tempera-
ture profile over that predicted by a pure conduction analysis. This increase
in the temperature of the liquid crystal strips is a result of gravity-induced
buoyant forces causing fluid circulation, thus transferring more heat per unit
time to the "'top'' of the cell. It is interesting to note that the convection
curves do not bend over with time, but appear to be continually rising at
t = 600 sec. This is verified by examining the heater post temperature-time
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Figure 22. Temperature versus time at r = 0.6 cm
in the Radial cell for varying gravity levels.

profile which has also not flattened out at t = 600, but is still supplying heat
input to the gas. It thus appears that a steady state was not approached during
the Apollo 17 HFC Radial Cell Experiment.
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The computer program provides contour maps of the thermal and flow

fields at selected time points.

Radial cell at t = 600 sec.

Figures 23 and 24 are shown for the Apollo 17

Figure 23 is an isotherm map showing bands of

The interesting feature of this map is

constant temperature in the r-z plane.

The cylindrical post does not reach

the effects of the heater post geometry.

This is illus-

the crystal membrane, thus leaving a ''gas-gap'' above the post.

trated by the contour map as the gas above the post is cooler than the post

itself.

Figure 24 is a contour map of the velocity field in the Apollo 17 Radial

Bands of constant velocity are shown in the r-z plane.

These contours
The magnitude of

cell.
do indicate that a rec

lating flow was set up in this cell.

1rcu

These

is of the order of 0.6 x 1074 em/sec maximum.

are not large enough to affect the heat transfer significantly.

the velocities, however
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Theoretical velocity contour maps at t = 600 sec

Figure 24,

in Apollo 17 HFC Radial cell
(1 indicates the lowest velocity, 9 the highest).

The same parametric cases were run for the Apollo 14 Radial cell with

The magnitude and trends of the thermal and flow behavior

CO, as the gas.

Again, no significant gravity convec-

tion occurred at the constant 10% g level. The larger gravity levels also pro-

duced similar curves to those shown in Figure 22.

were very similar to the Apollo 17 case.

The convection curves,

1, do not bend over as indicated by the Apollo 14 HFC flight data.

The primary conclusion which must be reached from this analysis is that
gravity at the 10~° 8, level, alone or even coupled with thermal volumetric

even at g

expansion forces, could not have caused the type of behavior demonstrated by

the Apollo 14 Radial cell data.
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The effects of the g-jitter were examined by using a gravity-versus-
time curve in the computer program. An oscillatory profile, with varying
amplitude and frequency, was input and the case was run to t = 600 sec. For
a maximum amplitude of 107% g, the oscillations made essentially no differ-
ences in the predicted temperature profiles. At this absolute g-level, the
effects of varying frequency were also very negligible. This is not surprising
since the constant g = 107% case also shows no gravity-driven convection. It
can be concluded that the obscrved fluctuations in the gravity level did not
affect the heat transfer processes on the Apollo 17 HFC Radial cell. (See
Section 1V, C. 3 for further consideration of vibration effects. )

2. Thermoacoustic Convection. Convection caused by thermal volu-
metric expansion forces has been referred to previously. Because this type
of convection is generally unfamiliar, a short discussion of its origins and
characteristics is given here.

In the absence of gravity, a mechanism for convection can consist of
the following. A suddenly heated wall causes adjacent fluid to expand. This
sudden expansion sets up an acoustic wave which propagates into the fluid.
Given a sufficient heat rate, container dimensions, and dissipative mecha-
nisms, a thermoacoustic vibration can be sustained as long as the appropriate
boundary conditions are maintained. The conversion of heat energy into
acoustic energy was discovered and defined by Sondhauss in 1850, The phe-
nomenon of the conversion of thermal energy into acoustic energy is now called
the Sondhauss effect. The effect may be simply demonstrated by the following
arrangement.

Y

15

e
| O, |

Qe

W

The end of the tube is open to the atmosphere. If the bulb is heated with a
bunsen burner, the tube will emit an audible sound; i.e., it sings. In open or
closed containers thermoacoustic waves can convect considerable heat from
the heated site. The possibility was suggested that this type of convection
might have been responsible for the form of the Radial and Zone curves
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obtained in the Apollo 14 HFC Experiments [10]. Thermoacoustic convection
has since been considered in some detail in a recent study [33]. In the cited
study a computer program was written which allowed computation of the magni-
tude of heat transfer by thermoacoustic convection. Calculations made with

the computer program have been discussed in the previous section. The results
of the calculations showed, as mentioned previously, that although the Apollo 14
case showed more thermoacoustic convection than the Apollo 17 case, both are
almost negligible. Apparently, the heating rates used on Apollo 14 and 17 were
not high enough to generate significant thermoacoustic convection.

3. Random Convection (Spacecraft Vibrations). The possibility that
spacecraft maneuvers, onboard machinery, and astronaut movement can cause
convection in confined fluids was recognized [5], but a method of approximat-
ing the magnitude of onboard vibrations and of evaluating the subsequent effect
on heat transfer was lacking at the time of the Apollo 14 data analyses.
Recently, however, a paper by B. Gebhart was discovered [34] that provides
a theoretical basis for estimating how spacecraft vibrations may affect heat
transfer. In Appendix F a brief review of this paper is given. In the following,
the implications of the paper with regard to the present study are considered.

First, to be able to make any sort of judgment on the extent of random
vibration, some indication of the frequency and amplitude of vibrations is
required. Data on g-levels were obtained from the gyroscope rate data for
Apollo 14 and Apollo 17. (See Section II.) From these data the frequency and
amplitude of the smaller, regular oscillations were determined. These are
approximately as follows. '

Approximate
Frequency Amplitude
Apollo 17 20 sec 2% 1077 8,
Apollo 14? 200 sec 5x 107° g,

The preceding data would lead to the expectation that vibrations were
greater on Apollo 17 than on Apollo 14. Yet, time-temperature curves indicate

2. As previously discussed, the calculated g-jitter on Apoilo 14 did not include
roll-rate contributions and was calculated from 30-sec time intervals as com-
pared to 2-sec time intervals on Apollo 17.
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that convection occurred on Apollo 14 and not on Apollo 17. It must, therefore,
be concluded that g-data, as calculated from rate gyros, do not sufficiently
indicate actual vibration levels at the location of the experimental apparatus.
One reason for this is the relatively long integration time interval required to
obtain a g-data point and the subsequent fact that variation of roll rates was
not included in Apollo 14 g-data. On Apollo 14, however, a couple of air bub-
bles were trapped in the Zone cell. By following the movement of these bub-
bles it was possible to obtain more accurate information on the frequency and
amplitude of the vibrations at the location of the HFC unit. Figure 25 shows a
typical curve of bubble displacement versus time. A g-jitter level sufficient
to cause this displacement is estimated to be on the order of 1072 to 107* 8y

From such curves it is estimated that the frequency of random vibrations dur-
ing the Apollo 14 HFC Experiments was about 0.5 per sec with an amplitude

of about 0.04 cm. According to Gebhart, the importance of random convection
may be estimated by comparing the value of

where « is the thermal diffusivity, T, is the period of the disturbance, and
s is a significant dimension; Cn is a constant, Substituting the following

values into the preceding formulas,

o (for carbon dioxide) = 0.18 cm?%/sec

T = 2 8sec
¢
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This number indicates that the heat transfer caused by random convection is
some 3.2 times greater than that caused by pure conduction. The actual
amount of convection heat which was estimated from the Apollo 14 data was
between 10 and 30 percent over the pure conduction case. The preceding cal-
culation is, of course, very approximate as it is based on a very approximate
estimate of the average disturbance period. The calculation does indicate,
however, that even relatively long period disturbances can increase the heat
transfer rate significantly. It, therefore, appears probable that the increased
heat transfer observed in the Apollo 14 data was caused by HFC unit and
spacecraft vibrations.

In contrast to the Apollo 14 case, very little vibration appears to have
occurred during the Apollo 17 experiments. Movement of the magnesium par-
ticles in the Lineal cell was tracked for selected periods of time. The mag-
nesium particles showed much less variation in position than did the bubble in
the Apollo 14 Zone cell., The magnesium particles, of course, were suspended
in a moderately viscous fluid so they may not have responded to vibrations as
easily as the bubble which was suspended in water. There are, however,
several reasons for believing that the vibration levels were higher on Apollo
14 than on Apollo 17. First, astronaut movement was much more apparent
during the Apollo 14 tests than during the Apollo 17 tests. Secondly, the
Apollo 17 experiments were done while the craft was on its way to the moon;
the Apollo 14 experiments were done on the way back from the moon. The
masses of the two spacecrafts at the time of the HFC Experiments are as
follows: Apollo 14, 12 091 kg (without LEM); Apollo 17, 46 587 kg (with LEM).
Vibrations on Apollo 14, therefore, were much more easily transmitted than
on Apollo 17. Also, the Apollo 17 data were obtained immediately after a
spacecraft stabilization correction, whereas Apollo 14 data were obtained at a
random time and during Apollo 14 it is suspected that the spacecraft was rolling
and precessing.

From the compute_ré program, a time-temperature curve was calculated
assuming a g-jitter of 10 8o This curve along with the Apollo 14 flight
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curve and curves calculated on the assumption of a constant g = 1073 ge and

g = 0 are shown in Figure 26. It can be seen that the g-jitter curve falls
somewhat below the constant g-curve, bringing it closer to the flight curve.
The shape of the curve, however, still does not bend as the flight curves are
observed to bend. An interesting aspect of the g-jitter curve, however, is
that the curve is not actually as straight as is presented in Figure 26. A def-
inite undulatory character is just becoming evident. One of the most striking
features of the Apollo 14 data was the presence of long period oscillations in
the time-temperature curves. It is concluded, therefore, that the observed
convection in the Apollo 14 Radial Heating Experiment was caused by random
spacecraft vibration. It is most probable that if precise vibration data,
including not only g-jitter but also apparatus rotation oscillations, were
available, a calculated time~temperature curve could duplicate the observed
Apollo 14 curves.

4, Coupled Forces. The possibility that two or more forces can
couple and therefore can either reinforce or annul convection was considered
in the Flow Pattern Experiment. In that case the relevant driving forces for
convection are surface tension and gravity. In the case of the Radial and
Lineal cells, the following combinations are relevant:

e Gravity and thermal volumetric expansions.
@ Gravity and random impulses.

a. Gravity and Thermal Volumetric Expansions. A computer
analysis of the Apollo 14 case showed no significant convection as the result
of coupled gravity and thermoacoustic forces as mentioned previously. With
the aid of the computer program, however, it was possible to do a parametric
study to find the g-level at which significant coupling would occur between
gravity and thermal volumetric expansion forces. Figure 27 illustrates the
results for a sample problem. Figure 27a shows the distance an isotherm
would travel in 1 sec if the only form of heat transfer possible were conduction.
Figure 27b shows the isotherms at 1 sec, assuming only thermoacoustic con-
vection. In one-g, gravity forces are stronger and gravity completely deter-
mines the convective pattern (Fig. 27c). At 1073 g, gravity and thermo-~

acoustic forces are comparable in magnitude, and it is at this g-level that
coupling effects will be important for the conditions of heating, dimensions,
and fluid properties used in the sample problem (Fig. 27d). It can be seen
in Figure 27d that the coupling has the effect of bending the isotherms in such
a manner as to increase the rate of advance at the top surface and decrease it
at the bottom surface,
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b. Gravity and Random Impulses. The effect of steady mechanical
vibrations for various frequencies and amplitudes on heat transfer in confined
fluids was studied by Pak et al. [35]. Based on experimental data, the follow-
ing correlation was developed:

Ay g Ret® pr + 0.004 a0
- ® e 9
Nu, Rao' 26 Q0. 4 Rao' 21 QO. 1
where
Nu = Nusselt number with vibration
Nu, = Nusselt number without vibration
Re = Reynolds number based on motion of liquid relative to the
surface
Ac = dimensionless vibratory acceleration

Ra = Rayleigh number

= dimensionless frequency

A plot of this relation versus Rayleigh number at a frequency of 120 Hz
and a parameter of G =5 is extrapolated to very low g-level Rayleigh numbers
and is presented in Figure 28. The parameter G relates the amplitude and
frequency of vibration of the base of the fluid container to the g-level of the
environment. For the geometry of the container used by Pak et al., the fluid
is water, the container base vibrates with a frequency of 120 Hz and an ampli-
tude of 1078 cm, the horizontal (to the g-direction) temperature gradient is
100°C, and g-level is 1074, Figure 28 predicts an increase in heat transfer
of 460 percent over vibrationless heat transfer. These results indicate the
gravity and vibration forces couple in an anulling manner; i.e., more heat is
transferred by vibrations in the uncoupled case than in the coupled case.

The preceding discussion highlights the point that very little is known
about coupling effects. In the case of vibrations, gravity apparently has a
damping effect on vibration effects. In a low-g environment, therefore, vibra-
tions will be much more of a problem than they are on earth.
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The agreement of the ohserved curves with the theoretical conduction~
radiation curves shows that no significant convection occurred in the Lineal
cell. The Apollo 17 Lineal Heating Experiment bears much the same relation
to the Apollo 14 Zone Heating Experiment as the Apollo 17 Radial Heating
Experiment does to the Apollo 14 Radial Heating Experiment. The conclusions
regarding the observed Apollo 14 convection in the Zone cell, therefore, are

the same as presented for the convection observed in the Apollo 14 Radial cell.
(See Section IV.C.)
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V. IMPLICATIONS FOR SPACE PROCESSING

As previously pointed out in the Introduction, convection studies in
space are essential to establish the kinds and magnitudes of various forms of
convection. Many types of convection have not been previously studied without
the masking influence of terrestrial gravity forces. Also, the sensitivity of
processes to convection in space will vary according to the boundary condition
of each process during the fluid state. It is a well published fact (by Boger and
Westwater and others) that small amounts of flow rapidly increase heat and
mass transfer. In fact, in most instances the relationship is a power function.
In any given process: (1) convection may be totally eliminated, (2) convection
may be suppressed to a given degree, or (3) convection may be more control-
lable in space (some processes will actually utilize convection in space). The
Apollo 17 Heat Flow and Convection Demonstration, along with the Apollo 14
Heat Flow and Convection Demonstration, has served as a first step toward
generating previously nonexisting data necessary in defining the effects of
convection in certain typical space processing type applications. The basic
implications of the Heat Flow and Convection Demonstration Experiments for
space processing are as follows:

1. Free surface experiments are highly susceptible to Marangoni
convection.

2. Generally gravity-induced convection in confined fluids having low
viscosity, low thermal gradients (less than about 10° C/cm), and 2- to 3-in.
size containers is suppressed at 1074 8, or lower levels.

3. Gravity-induced convection in confined higher viscosity fluids is
suppressed at gravity levels somewhat higher than 1074 ge (~ 1073 ge) .

4. Gravity-induced convection is suppressed at gravity levels of about
10™¢ ge in systems having larger thermal gradients (greater than about 10° C/
cm)vand/or having larger containers. '

5. Low-gravity may lower the critical values for other types of con-

vection; i.e., fluids in low-gravity will react more easily to surface tension
forces and vibration forces.

6. In most cases, convection will be suppressed to some degree — an
advantage for space processing.
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7. Some space processes require laminar convection, and low-gravity
may be used to reduce irregular or turbulent convection.

8 The effects of constant gravity levels and vibration (g-jitter) each
affect fluids in space in a different manner.

9. More research is required on convection phenomena in space in
support of the Space Processing Applications Program, especially in the areas
of vibration, surface tension, thermosolutal convection, solidification, and
electrohydrodynamic.

To elaborate further on each of the above, perhaps the most surprising
discovery of the Apollo 17 Heat Flow and Convection Demonstration Experiment
was the 18-sec onset time from initial heating for the Marangoni flow to occur
in the Flow Pattern test. As previously discussed, this result was not
expected. Theoretical work in this area led to the expectation that the onset
times would be longer in space than on earth. The results, however, showed
that vigorous convection appeared very quickly at only a few °C/cm (less than
10) in low-gravity. Many of the processes being planned for the Shuttle will
employ free surfaces at elevated temperatures, meaning that even for do/dt's
that are an order of magnitude lower than Krytox, Marangoni convection can still
be anticipated.

An interesting point brought out by Astronaut Ron Evans on the Flow
Pattern test was that the visible surface remained ""as smooth as a perfect
lens'' during the entire length of the test. With respect to space processing,
this astute observation by Astronaut Evans is significant because it means that
deformations of the free liquid surface large enough to be visible can apparently
be avoided even though the fluid is undergoing vigorous thermal convection and
contains a number of bubbles. The actual amount of microscopic surface
deformation accompanying the observed convection remains to be defined in
future studies. The formation of a spherical segment having a "nearly perfect
shape'' in zero gravity is very interesting, and possible applications have often
been mentioned by others.

Concerning the second implication, the observed convection in the
Apollo 14 Radial cell and lack thereof in the Apollo 17 Radial cell is attributed
to vibrations in the spacecraft whose equivalent g-jitter level is on the order
of 1073 to 1074 8, Theoretical calculations show that significant convection

occurs at these levels under the Apollo 14 and 17 boundary conditions whether
or not the g is a constant steady value or a g-jitter.
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The third implication follows directly from the above; i.e., more vis-
cous fluids will raise the gravity level that can be tolerated without inducing
convection. From dimensionless theory, the convection relationships to grav-
ity (with all other factors constant) should be linear. Similarly, the fourth
implication also comes from dimensionless analysis, as it can be shown that
increasing the volume (same geometry) and/or increasing the thermal gradi-
ents will increase the requirements for lower gravity levels to suppress
gravity-induced thermal convection,

The fifth implication is a very serious one because, at low-gravity
levels, normally observed thresholds for convections may change because of
other forces. This makes predicting convections caused by other forces very
difficult. The evidence for this effect is indicated in the Flow Pattern results.
Effects similar to this in other areas of convective coupling could play havoc
to some space processing endeavors. Despite the importance of this fact,
this is one area of convection where theory is sadly lacking and where there
is a near dearth of knowledge on the new forms of convection that can occur
in low-gravity. The situation here is quite serious.

On the brighter side, the point is made in the sixth implication that
even though the convection situation is not perfect, it can generally be expected
that thermal convection will be reduced in space, bringing an advantage to
most processes. It is a fallacy to assume generally, however, that zero con-
vection conditions will exist.

On the seventh implication, a fact that is often overlooked is that con-
vection is necessary in many manufacturing processes on earth. This does
not mean that none of them are candidates for space processing. In space it
is very conceivable that convection can be much better controlled than it is on
earth because undesirable coupling effects with gravity-induced convection can
be eliminated. Forced convection processes in space appear to the authors to
be an untapped area for study in space processing.

The eighth implication is a serious one. Vibrations drastically affect
fluids. Some study has been made on the ground but extrapolation to low-
gravity conditions is risky. More work is needed.

The ninth implication sums up the above to the conclusion that much
more work is needed both on the ground and in space to develop a sufficient
base of knowledge to elucidate the myriad of convection problems in space.

As one can see, very serious problems exist in the area of convection, as
shown in the subject experiments. Secondly, there are whole areas of convec-
tion yet unstudied in space. These include thermosolutal, electrohydrody-
namic, interfacial, coupling with solidification, coupling with nucleation, and
a host of other factors.
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APPENDIX A

APOLLO 17 LIQUID CRYSTAL CALIBRATION STUDIES

Temperature data from the Apollo 17 HFC were obtained by using
liquid crystal tapes. The tapes used and the general method of obtaining tem-
peratures from the tapes have been discussed in the body of this report. This
appendix will describe the techniques used to calibrate the liquid crystal tapes
and discuss in some detail parameters which affect their color/temperature
response.

Two types of flight data were obtained: dynamic and isothermal. In
the calibration procedures an additional type was obtained. This has been
called equilibrium gradient data. These three types are defined as follows:

Dynamic — A color band moves indicating a moving
temperature isotherm.

Isothermal — The entire liquid crystal tape is at a uniform
temperature and therefore a uniform color.

Equilibrium Gradient — A color band is stationary indicating a sta-
tionary temperature isotherm,

It is essential to distinguish between the three because of the difference
in an observer's ability to determine colors in each case, the difference in the
number of distinguishable colors in each mode, and the varying degree each is
affected by the parameters to be discussed in this appendix.

The liquid crystal tapes were calibrated according to the procedures
described in Reference 9. Briefly, these procedures involved two basic types
of apparatuses: one type used for isothermal tests and the other for dynamic
and equilibrium gradient tests. The essential difference between the two is
the positioning of the liquid crystal tape with respect to the heater. In the
isothermal tests the tape was placed directly over the heater to give uniform
heating; in the dynamic tests the tape was placed to one side of the heater to
give a gradient in the crystal tape. This is illustrated in Figure A-1.

The procedure followed in both the isothermal and dynamic calibrations

consisted of turning on the heater and observing the temperature of color
changes both directly and with motion pictures.
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Figure A-1. Illustration of basic isothermal and dynamic concepts.

In all calibrations the following sources of error were evaluated:

Instrument Errors
Thermocouple Attachment and Insulation
Thermocouple Errors (Heat Loss, Time Lags)
Reference Junction
Voltmeter
Heater Configuration and Insulation
Aging (Light, Air, Time)
Dynamic versus Isothermal
Different Observers' Sensitivity
Observation Technique (Filmed versus Direct)
Initial Temperatures
Heating Rates
Heating versus Cooling
Previous Thermal History
Lighting

Angle of Viewing

Pressure and Gravity Effects

Instrument errors were found to be most significant.
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Seven liquid crystal ranges were calibrated both dynamically and in an

equilibrium gradient.

colors are given below.

The final temperature values assigned to the various

Dynamic Temperatures

rystal D E F G H I J
Color
Amber 24,7 26.9 30.0 32.0 36.3 35.7 42.6
Green 26.5 28.6 31.8 33.5 37.4 37.8 44.7
Blue 28.8 30.7 34.5 35.1 39.0 41.0 47.3

The results of the isothermal tests for the crystal tapes used to deter-
mine initial and ambient temperatures for the HFC experiments are as follows:

Isothermal Temperatures

Crystal C D E
Color Value | Precision | Value | Precision | Value | Precision
Brown 29.9 +0. 4 24,6 =0, 3 27.0 =0, 5
Amber 23.4 - +0. 2 25.5 +0,4 27.5 +0. 6
Yellow Green | 23. 8 +0, 2 26,2 +0, 2 28.1 +0.4
Green 24,2 +0. 3 26.8 +0.3 28.7 +0. 5
Blue Green 24.6 +0, 2 28.2 +0. 6 29.5 +0. 5
Dark Blue
Green 25.0 +0. 2 28.7 +0.5 30.1 +0. 6
Blue 25.4 +0, 2 29.6 +0.4 30,7 =0, 7
Dark Blue 25.8 +0.3 30.5 +0, 6 31.4 =0, 8

74




In the following, the means of ascertaining the magnitudes of the vari-
ous errors and the means used to correct for them are discussed.

A. instrument Errors
The basic components used in all the tests are shown in Figure A-2.

Thermocouples

™ IR Y —
:] & Switch

Box Voltmeter
C Test Apparatus Thermocouple
amera
. . Plus Reference
(Filmed dynamic Liquid Crystal Junction
tests) Tape

Figure A-2. Schematic of basic calibration apparatus.

For each test apparatus using different thermocouples, the entire setup
was calibrated by inserting the thermocouples into an ice bath made with dis-
tilled water. At 0°C the greatest overall systematic error was 0.6°C. How-
ever, this error was easily corrected.

The isothermal tests performed on two different apparatuses are in
agreement, However, the two apparatuses used for the equilibrium gradient
tests consistently gave differing results indicating an unknown source of sys-
tematic error. Figures A-3a and A-3b show a diagram of the two equilibrium
gradient test setups. The first is the same apparatus as used in the Apollo 14
calibrations and the second is called the Apollo 17 setup. The Apollo 17 appa-
ratus was also used for the dynamic calibrations.

The same reference junction and voltmeter were used in each case.
In both apparatuses iron/constantan thermocouples were used. However,
these were attached to the heater plate differently (Fig. A-4).
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Figure A~4. Method of thermocouple attachment.

A test was conducted to determine the magnitude of any error produced

using these different techniques of thermocouple attachment.

The results indi-

cate that the two techniques give the same color/temperature response.

Using Crystal H

Thermocouples Attached By Amber Green Blue
Apollo 14 Method 34,8 +0, 3 35.4 +£0.4 36.3 0.7
Apollo 17 Method 34.7 £0,3 35.8 £0.4 36.9 £0.7

The effect of insulation was checked by operating the Apollo 17 appara-

tus with and without insulating material.

any, effect.

Using Crystal G

Again, this factor showed little, if

Amber Green Blue
With Insulation 31.0 £0.2 31.9 0.3 33.4 £0.3
Without Insulation 31.5+0.2 32.6 £0.4 33.8 £0.3

Yet the two sets of equilibrium gradient test data from the two appara-
This is illustrated in the following table.

tuses do not agree in two cases.
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Usging Crystal J

Apparatus Amber Green Blue
Apollo 14 42,7 £0.4 45,0 £0. 8 48,7 +0.7
Apollo 17 40,8 £0.4 43.0 £0,4 46.3 0.9

It is concluded that some undetermined systematic error is involved.
An average of these two tests is used for the final values of the crystal's
color/temperature response.

B. Aging

Aging of liquid crystals has the effect of slightly shifting the tempera-
ture range of the crystal. For instance, a crystal tape which initially changes
from amber to blue in the range of 30 to 35° C may shift to a range of 28 to
33° C because of aging. During Apollo 14 studies, several factors were con-
sidered, and the aging was attributed to light exposure. On Apollo 17 proce-
dures to prevent excessive exposure to light were carried out. In order to
determine the correct color/temperature response of the Apollo 17 HFC liquid
crystals at the time of the flight, a series of aging studies was conducted.
These studies were isothermal fests.

The method used for the tests was basically very simple. Samples of
each liquid crystal were heated uniformly on a plate. As color changes were
noted, the temperature of the plate was recorded.

In October 1972 (Test 1), each crystal tape was calibrated. In April
1973 (Test II), these same tapes were recalibrated having been kept in the lab-
oratory in a sealed container. Additionally, two tabs containing segments of
the same liquid crystals were mounted in the flight experiment. One of these
(the ATP Tab) was removed before launch and the other (the Flight Tab) was
returned by the astronauts in a sealed envelope after performing the experi-
ment. These two tabs were also calibrated (ATP Tab, Test III; Flight Tab,
Test IV). By comparing results from these tests, the condition of the crystals
at the time of operation could be determined.

Two different apparatuses were used: one for the laboratory samples
and another for the ATP and Flight Tabs. The two setups were essentially the
same except for the size of the heater plate. A larger plate was needed to
accommodate the tabs. Figures A-~5 and A-6 show the two setups.
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Figure A-6. Isothermal apparatus, Tests III and IV.

Although the heating method and type of thermocouples were different
between the two series of tests, the technique used was the same: the thermo-
couples were calibrated, the liquid crystals were cooled to a point below their
indicating range, heat was applied so that the crystals slowly changed colors,
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and the temperatures at which these colors appeared were recorded. Each
crystal strip was observed several times to get an indication of the precision
of the determination., For the laboratory strips only one thermocouple was
used. However, the ATP and Flight Tabs consisted of crystal strips sand-
wiched between two thin (2. 0 mil) Teflon films, so that one thermocouple was
placed under the tab and another on top of the tab and an average was used to
indicate the temperature of the liquid crystal inside the ""sandwich."

The apparatus shown in Figure A-5 was used in October 1972 on sam-
ples of crystals from which the flight crystals were taken and again in April
1973 on the same crystal strips which had not been exposed to light. The
results of the two tests indicate slight, if any, change because of aging (not
associated with light). Therefore, these two sets of data were treated as one
to give values for the isothermal testing on the control samples.

The results for the ATP Tab give values for the crystals prior to
launch, and the Flight Tab gives results for the time at which the experiment
was performed. (When each of these tabs was removed from the unit, it was
kept sealed to assure that no light degradation could take place. Since the
October/April tests show no other aging effect, any differences between the
tabs and the control samples would be because of a difference in exposure to
light. )

A number of tests were conducted on each crystal with the conclusion
that no significant aging effects occurred by flight time. The following table
shows the results of these tests for Crystal K.

Test

Color Tests I and &I Test III Test IV

Brown 20.0 0.4 20,2 £0.1 20,5 0.1
Amber 20,6 £0.4 20,9 +0.1 21.1 +£0.1
Yellow Green 20.9 +£0,.3 21.2 £0,1 21.5 0.1
Green 21.3 0.2 21.7 £0.1 21.9 £0.1
Blue Green 21.8 +0. 2 22.3 £0.1 22.6 £0, 2
Dark Blue Green 22,1 %0, 2 22,7 0.1 23.0 0.4
Blue 22.4 0.2 23.0 £0.2 23.2 0.2
Dark Blue 22.7 £0.3 23.3 +£0.2 23.6 +£0. 2

It can be seen that within the error hands of each test, the values are in good

agreement.
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C. Dynamic versus [sothermal

As was mentioned previously, two types of liquid crystal data were
obtained from the Heat Flow and Convection Experiment. These have been
called ""dynamic'' and "lisothermal.' The difference between the two does not
result in an actual shift in temperature range of the liquid crystal as with
aging, but it may influence the observed color for a given temperature. In
the isothermal case, as many as eight changes in color can be seen; however,
in the dynamic or gradient case only three distinct color bands can be seen
accurately, and it is not always possible to make a direct relationship between
the two cases. That is, what is called green in a dynamic situation may cor-
respond to the color called yellow-green in an isothermal situation, or it may
correspond to green or blue-green. The following table lists the colors
observed for dynamic and isothermal cases and also indicates which liquid
crystals were used in the HFC Experiment in each case,

Isothermal Crystals Dynamic Crystals

Colors Used Colors Used
Brown A D
Amber B Amber E
Yellow Green C Green F
Green D Blue G
Blue Green E H
Dark Blue Green K 1
Blue J
Dark Blue

Although there is a subjective difference in the colors seen in each
mode, any given reader is relatively consistent in determining a color change
in either case. Because of this subjective distinguishing of colors in the two
different modes of operation, the crystals were calibrated both isothermally
and dynamically.

Results from the isothermal tests were used to give initial tempera-

tures for each run of the HFC Experiment; and the results of the dynamic tests
were used for the data obtained during each run.
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D. Different Observers' Sensitivity and Observation Techniques

A human observer was used rather than an instrument, such as an
optical densitometer, to determine colors in the liquid crystals because such
instrumentation is costly and time consuming to operate considering the number
of data points to be observed. However, response to color changes is not neces-
sarily the same from individual to individual. What one person calls green,

" another might call yellow-green. Therefore, the individual who determines
color position must either be the same for all tests or another person must be
""calibrated" against the first. Since the person who read the data (color posi-
tion versus time) from the flight film was not available for the entire liquid
crystal calibration procedures, a method to correlate other readers' results
was developed. Additionally, this technique assured that there was no color
bias because of filmed versus direct (observed in the laboratory) data.

A series of 16-mm movie films was made showing temperature versus
color response of the seven liquid crystals used for the dynamic flight data.
The apparatus shown in Figure A-3b (Apollo 17 apparatus) was used for making
these films. The general procedure was basically as follows. Heat was
applied to one end of the crystal strip and 16-mm movies were made as the
color bands moved across the strip. The temperature was recorded as each
color band crossed each of seven thermocouples. Thus, a temperature for the
leading edge of each color was determined. These data were obtained from
the films by Reader I (the individual who read the flight data film). The same
test apparatus and procedure was used and read directly by Reader II in the
laboratory. Thus, a baseline for comparison of the data as obtained by the
two readers was established. Any further tests read by Reader II could then
be correlated to what Reader I would have observed.

E. Initial Temperature and Heating Rates

It was found that initial temperature has a slight effect on the color
response of the liquid crystals. A crystal tape which was heated from room
temperature through its temperature range gave the following results: amber =
40,2°C; green =41,6°C; and blue = 44.5°C. The same crystal heated from
38°C gave: amber = 39.5°C; green =40, 5°C; and blue =43.9°C, This effect
appears to be most pronounced when results of tests which start well below the
response range are compared with ones starting approximately 1 to 2°C below
the response range. This is illustrated in Figure A-7. When the color bands
are allowed to come to equilibrium (as in the equilibrium gradient tests), this
effect is not noticeable.

In the dynamic tests the rate of heating (or more correctly the rate of
color band movement) has an effect on the observed temperature response.
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Figure A-7. Illustration of effect of initial temperature.

Whether this is the result of the thermal response of the thermocouples, the
apparatus, or the liquid crystals themselves was not determined. However, a
higher heating rate gives an apparent lower temperature for any color. Tests
were made using a high heating rate (5.4 W), a low heating rate (1.9 W), and
an equilibrium gradient (in other words, the color bands were stationary, or
there was a "'zero-velocity gradiert').

Both the high and low heating rate tests were performed using the
Apollo 17 apparatus shown in Figure A-3b. The liquid crystal tapes were
attached to a 0. 08-cm stainless steel plate which was heated by a thermofoil
heater. The plate was instrumented with thermocouples which were along the
axis and to the side of the crystal tape. The entire apparatus was completely
insulated with a small cutout so that the liquid crystal and thermocouples were
visible. A piece of plexiglas was clamped over this cutout to reduce heat
losses. The temperature at the thermocouple was recorded as the color hands
were ohserved to pass the thermocouple position. The average of as many as
16 data points was used for each color on each crystal. Values were obtained
for the two heating rates (which gave different color band velocities).

It was necessary to obtain a set of equilibrium gradient calibrations for
the liquid crystal tapes used in space, since the velocity of the color bands was
considerably faster in the dynamic calibrations than in the flight test unit. The
calibration technique used in this study consisted of recording, by means of
color photographs, the color changes of liquid crystal tapes attached to an
instrumented metal plate heated at one end. The schematic shown in Figure
A-3a gives the general features of the calibration apparatus. (Equilibrium
gradient tests made using the apparatus in Figure A-3b were for investigating
instrument errors only. Any results reported as ""Equilibrium Gradient' were
made using the Apollo 14 apparatus.) The metal plate to which the liquid crys-
tals were attached was a strip of 0.08-cm thick stainless steel with 10 thermo-
couples welded at the indicated locations. A small thermofoil heater was
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attached to supply heat to the left edge of the liquid crystal tapes which were
taken from the same lot as the flight tapes. The metal plate was then com-
pletely insulated to minimize heat losses. The area where the liquid crystals
and thermocouples were located was cut away, and a transparent plastic view-
ing port was installed permitting both visual and photographic observation.

Photography of the color changes was accomplished using a 35-mm
camera under lighting conditions which simulated the lighting during flight.
With the described calibration apparatus, temperature profiles along the plate
were plotted for each photograph (set of data points). As many as 12 sets of
data points were taken at 6 different power settings for tapes C, D, E, and F;
and as many as 8 sets of data points were taken at 5 different power settings
for tapes G, H, I, and J.

The final values given for each crystal take these results into account
and are given for a color band velocity approaching that experienced by the

tapes in the flight experiment.

The following table shows the results of these tests for Crystal H.

Conditions Amber Green Blue
High Heating 32,7 33.6 35.2
Low Heating 3.1 34.8 36.0
Equilibrium Gradient 36.1 37.4 38.9

F. Heating versus Cooling

This effect is similar to that of initial temperature. On heating, the
temperature values of amber, green, and blue do not always agree with those
observed on cooling. Although this effect is not a factor in the Apollo 17 flight
data since only heating data were used in the analysis, results of the equilib-
rium gradient tests performed for both heating and cooling indicate that no
apparent hysteresis is involved when equilibrium is reached.

G. Previous Thermal History

Although this effect has been reported by some investigators, no evi-

dence was found in these calibration studies to indicate that this factor influenced

the crystals used. The tapes appeared to give consistent results after as many
as 10 heating and cooling cycles.
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H. Lighting

Because the color observed is a result of scattering of incident light,
lighting can be a strong influence. TFor instance, as an extreme case, if no
ereen light were present in the incident light, no green would be seen in the
liquid crystals. [lowcever, the same type lighting (a known combination of
incandescent plus fluorescent) was used for all tests so that this effect was
greatly minimized, if not eliminated.

I. Angle of Viewing

Again, in the extreme, this effect can be an influence on the observed
colors., However, an angle of approximately 30 deg is needed before any
noticeable difference in color is observed [ 36]. All tests were conducted at a
maximum 15-deg viewing angle, and generally it was much less. Thus, this
source of error was eliminated.

J. Pressure and Gravity Effects

Although there are liquid crystals which are pressure sensitive (nematic
liquid crystals), the cholesteric type used for these experiments are not sensi-
tive to pressure changes. The possibility of a direct gravity effect on the color/
temperature response was investigated, The tapes were tested in a KC-135 air-
craft flight, and no effects of the varying g-levels experienced were observable,

K. Assignment of Error Bands

The standard deviation was calculated for each series of tests. As
many as 70 points were used to obtain this measure of precision of the data,
Thus, each data point is the average of several, and an error band, associated
with reader error and other random errors, is calculated for each as follows:

The error bands assigned to each value in the tables are a measure of
the precision for the data. Because of the influences of possible unaccountable
effects such as initial temperature, instrument errors, resolution of the film
used for the flight data, and other parameters as have been discussed previ-
ously, it was not possible to assign a final error band for the accuracy.
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However, since an average of two separate tests was used for the final values,
these are more accurate than any individual test.

L. Final Values of Color versus Temperature

The following table gives the femperature values and precision values
for a given color for each crystal used dynamically for the flight data. The
first column gives data, corrected for reader differences, for heating rates
higher than those on flight and a different initial temperature. The second
column gives similar data for the equilibrium gradient tests which are not
dependent on initial temperature or heating rate. The third column is an
average of the two and represents the final values of temperature and preci-
sion assigned to the colors of the crystals.

Crystal Color 1 2 3 (Final Values)
D Amber 24,7 +£0,2°C 24.7 £0,2°C 24.7 £0,2°C
Green 26.0 £0,3°C 26,9 +0,3°C 26.5+0.3°C
Blue 28.6 £0,6°C 29.0 £0.3°C 28.8 +0.6°C
E Amber 26,8 £0,8°C 27.0 £0.4°C 26.9 0,8 C
Green 28.5 x0.5°C 28.6 £0,2°C 28.6 £0.5°C
Blue 30.7 £0.6°C 30.6 £0.3°C 30,7 £0.6°C
F Amber 29.5 +0.4°C 30.6 £0,3°C 30.0 %0,4°C
Green 30,6 £0,5°C 33.0 £0.6°C 31.8 £0.5°C
Blue 33.3 £0.8°C 35.7 £0,3°C 34.5 £0,.8°C
G Amber 31.4 +0,9°C 32.5+0.2°C 32,0 £0,9°C
Green 33.0 £0.6°C 33.9 £0.4°C 33.5£0.6°C
Blue 34,7 0. 8°C 35.4 +0,7°C 35.1 £0.8°C
H Amber 36.5 +0.3°C 36,1 +0,2°C 36.3 £0.3°C
Green 37.4 £0.4°C 37.4 £0.2°C 37.4 £0.4°C
Blue 39.1£0.7°C 38.9 £0.4° C 39.0 £0.7°C
1 Amber 35.4 +0.2°C 36.0 +0,2°C 35,7 +0.2°C
Green 37.2 £0,2°C 38.4 +0.2°C 37.8 £0.2°C
Blue 39.8 £0.4° C 42,2 +0.6°C 41.0 £0.4°C
8] Amber 42.5+0.4°C 42,7 £0.4°C 42,6 £0.4°C
Green 44,3 +£0.4°C 45.0 +0.8°C 44,7 £0,4°C
Blue 46.4 £0,9°C 48,1 0. 7°C 47.3 *0.9°C
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In the context of this report, dimensionless parameters, such as the
Rayleigh and Marangoni numbers, may be thought of as ratios of physical
forces. Thus when a particular ratio is >> 1, the force associated with the
numerator dominates that of the denominator, and vice versa when the ratio
is << 1. In certain well studied problems, critical values exist for these
dimensionless parameters (ratios) such that a change of state occurs as the
critical value is exceeded and one force overcomes the other.

The likelihood of natural convection arising in a fluid and its order of
magnitude if it does occur can be estimated for buoyancy (gravity) induced
conditions by examining a dimensionless parameter called the Rayleigh num-
ber (Ra). A similar analysis can be applied for surface tension-induced
motion in fluids with free surfaces by examining a dimensionless parameter
termed the Marangoni nhumber (Ma). These numbers are defined by
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where

= gravity

= thermal expansion coefficient
temperature difference across the fluid
= depth or width of the fluid

= surface tension

= absolute viscosity

= kinematic viscosity

= thermal diffusivity
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The Rayleigh number is, therefore, the weighted ratio of the buoyancy force

to the viscous force, whereas the Marangoni number is the corresponding
ratio of surface tension to viscous force. In each number, the numerator con-
tains the driving force with the denominator representing the restraining force.
Thus the tendency for achieving sustained convective motion is greater as the
numbers increase. As they surpass their critical values, the driving forces
overcome viscous restraining forces and a change in flow occurs; i.e., a
transition from no-flow to laminar convection or from laminar to turbulent

convection ocecurs.

The ratio of Ra and Ma to their respective critical values (RaC and
Mac) , Which are determined by geometry, type of containment and direction
of heating, determines the onset and magnitude of fluid flow. If either Ra/ RaC
or Ma/ Mac exceed unity, flow will occur and heat transfer through the fluid

increases because the convective heating is superposed to the conductive and
radiative modes existing before flow initiates. As these ratios increase, the
magnitude (velocity) of flow increases until turbulence finally occurs and the
amount of convective heat transfer also increases. Normally this relation is
linear on a log-log plot in a given regime., When heating from the side in a
gravity field, for example, the critical Rayleigh number is shown to be zero
from theoretical considerations [31]. Experimental results have shown, how-
ever, that a certain finite critical condition must be exceeded hefore heat
transfer is increased over that of conduction and radiation [32] . Upon heating
from below, the liquid layer remains stable to fluid flow as well as convective
heat transfer until a relatively large critical condition is exceeded. For a
liquid layer bounded on bottom with a solid wall (heating element) and on top
with a free surface, Rac is approximately 1100 [20].

The preceding quantities, MaC and Rac, are dependent on such proper-

ties of the fluid and container as the Prandtl number, Biot number, aspect
ratio, heater versus fluid thermal conductivity, sidewall thermal conditions,
and surface deformability (crispation and Bond numbers). The Prandtl, Biot,
and Bond numbers are dimensionless ratios which often appear in many other
engineering problems. The aspect ratio is a measure of the geometrical sym-
metry of the fluid container, and as such it also appears frequently in many
engineering problems. The crispation group appears less frequently and is
utilized in the study of capillary waves. The definition and utility of each of
these dimensionless numbers are discussed below.
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The Prandtl number represents the ratio of a fluid's momentum dif-
fusivity to its thermal diffusivity and is defined by

C p
Pr*_R—k

where

thermal conductivity

~
i

Pr = Prandtl number
Cp = heat capacity at constant pressure.

Thus, fluids with a very large Praadtl number (Pr >> 1), such as Krytox oils,
dissipate heat much slower than momentum. In determining the value of the
critical Rayleigh number, the Prandtl number has little or no effect unless

Pr = 1 in which case Rac increases as Pr decreases [37].

The Bond number is utilized often in such problems as capillary flow,
sloshing, and rippling. It compares the relative magnitudes of gravitational
and capillary forces and is defined as

(b, - p,) VL
L
Bo = g s
o
where
Bo = Bond number

P = liquid density

i

pG vapor density

\Y% liquid velocity.

i

It is the pertinent parameter delineating capillary-dominated and gravity-
dominated surface waves. At very low Bond numbers, ''gravity'' waves are
relatively unimportant. The presence of such ''gravity'' waves at a free sur-
face tends to stabilize surface tension-driven convection [17]. TFor the Apollo
17 Flow Pattern Experiment, Bo < 107%, and one can safely neglect the
effect of gravity waves on convection onset.
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The Biot number can be considered as the ratio of the heat transferred
to the surroundings at the vapor-liquid interface over the heat transported by
conduction within the liquid. It is given by the following relation,

Bi — l}l{. 4
LT ok
where
Bi = Biot number
h = convective heat transfer coefficient.

In natural convection studies involving a free surface, the Biot number indi~
cates whether the vapor surrounding the liguid of interest is thermally insulat-
ing or conducting. An insulating vapor decreases stability; i.e., RaC and MaC
are lower for smaller Biot numbers [20, 14, 15, 38].

The crispation number was introduced by Scriven and Sternling [16] in
their study of surface tension-driven convection of liquid layers and is given by

where

Cr = Crispation number
M absolute viscosity.

I}

Using linear theory, Smith [17] showed that surface deformations due to flow
perturbations have negligible effects on convection onset and cell size if
Cr < 1073, This condition was satisfied for Apollo 17 as Cr =4 x 107°,

Although not formally considered to be a "nondimensional number, '
the aspect ratio is certainly dimensionless and arises often in studies in which
geometrical similitude is important. It is also an important parameter in nat-
ural convection studies, both gravity and surface tension driven. The aspect
ratio can be defined as the container width divided by the container height [19].
The critical Marangoni and Rayleigh numbers usually increase as the aspect
ratio decreases (narrower containers).
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As mentioned earlier, the dimensionless ratios of thermal conductivi-
ties (sidewall to fluid and heater to fluid) are also important parameters in
convection problems. Insulating container walls (and heaters) are more
unstable than conducting ones. In other words, sidewalls and/or heaters
which are better conductors than the fluid layer enhance stability (they raise
Rac) , while materials of lower conductivity lower the criticality conditions

[20, 38].

The preceding discussions have demonstrated the utility of dimension-
less numbers for describing certain fluid flow phenomena. It was noted that
these numbers are extremely useful in well studied problems where ranges in
their values have been identified with flow regimes. In other less studied
problems, the state of the art of nondimensional numbers is at a very primitive
stage and their use is of limited value. Such a case is well represented by
thermoacoustic convection. This problem will not yield a pertinent dimension-
less parameter from inspection of the equations as in other problems [39, 40].
Thus, the pertinent dimensionless parameter can only be determined by mathe-
matical modeling ( numerical solution) or experimental studies. Furthermore
a criticality condition will be even more difficult to define since the wavelike
phenomena are present, although negligible, at even the slightest heating rates.’

In conclusion, nondimensional numbers can be used as a powerful tool
in the scientific analysis of most buoyancy-driven, natural convection prob-
lems (with constant g-levels) and in simple cases of surface tension-driven
natural convection. It is also very helpful when these two forces are coupled.
Their use in such problems as thermoacoustic, g-jitter, vibrational, electro-
hydrodynamic, and solidification-induced natural convection is very limited
even when one of these is coupled with gravity or Marangoni convection. Only
more basic research and experimental studies made without the encumbrance
of terrestrial gravity can alleviate this situation.

3. Private Communication with S, W. Churchill on April 26, 1973.

91




APPENDIX C

ERROR ANALYSES FOR RADIAL AND
LINEAL EXPERIMENTS

A. Liquid Crystal Calibration Errors

The technique of thermally mapping convective heat flow with liquid
crystals was first explored in the Apollo 14 Heat Flow and Convection Demon-~
stration Experiments [9] . Because the technique is new, however, the ques-
tion is raised in the present study of whether all sources of systematic error
were truly eliminated in the calibration runs of both the Apollo 14 and Apollo 17
liquid crystals. To account for the differences observed in the data of Apollo
14 and Apollo 17 on the basis of calibration error, four possibilities need to be
considered:

1. Calibration errors were insignificant for the Apollo 14 data.
2, Calibration errors were signifiéant for the Apollo 14 data.
3. Calibration errors were insignificant for the Apollo 17 data.
4, Calibration errors were significant for the Apollo 17 data.

Combining these possibilities leads to four further possibilities: 1-3, 1-4,
2-3, and 2-4, of which only 1-4 and 2-3 should concern us here. The condi-
tion 1-3 means, of course, that the data presented in Figures 16 and 17 and

19 and 20 are accurate to within the precision limits indicated. The condition
2-4 could only mean that convection did not occur during the Apollo 14 flight
test and did occur during the Apollo 17 flight test. Such a situation would mean
that the calibration errors made in the Apollo 14 study were opposite in direc-
tion to those made during the Apollo 17 study, a very unlikely situation.

If the case 1-4 obtains, then convection must have occurred during the
Apollo 17 flight test as well as during the Apollo 14 flight test. The calibration
data for the Apollo 17 crystals, therefore, must have been in error in such a
manner as to make the temperatures obtained from the lower temperature tapes
appear lower than they actually were and the temperatures obtained from the
higher temperature tapes appear higher than they actually were. In the event
that case 2-3 obtains, then convection was not present during either the Apollo
14 or 17 flight tests. In such a case the Apollo 14 calibration errors must
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have been such as to make the temperatures obtained from the lower tempera-
ture tapes higher than they actually were and those obtained from the higher
temperature tapes lower than they actually were. Thus, if either of the latter
two cases (i.e., 1-4 or 2-3) obtains, then the calibration errors had opposite
directions in the lower and higher temperature ranges.

Rather extensive calibration studies were conducted during the Apollo
17 data analyses, and these are detailed in Appendix A. In these more exten-
sive studies, no source of error could be located that raised or lowered the
temperatures from the low temperature tapes while lowering or raising at the
same time the temperatures from the higher temperature tapes. All the errors
that were located had the effect of lowering or raising the temperatures on all
of the tapes. It is concluded, therefore, that the form of the Apollo 14 and 17
data cannot be accounted for in terms of calibration errors.

B. Power Fluctuations

The possibility that power fluctuations account for the form of the
observed data was considered previously in the Apollo 14 data analyses and
found unlikely [9] . In the case of the Apollo 17 data, power fluctuations as an
explanation for the form of the observed data are even less likely. Figures
C-1 and C-2 show the voltage values obtained from Mission Control for the
Radial/Lineal Experiment, runs 1 and 2, Figures C-1 and C-2 show very dif-
ferent patterns of voltage variation. The curves of distance versus time for
runs 1 and 2, however, duplicate each other quite well. It can be concluded,
therefore, that the magnitudes of the power fluctuations were insufficient to
have expected any sizeable influence on the form of the color distance versus
time curves. Incidentally, the increase of 0.7 V observed at the time interval
between about 170 and 230 sec in Figure C-1 did not result in any sharp
increase in distance on any of the color versus time curves for that period of
time. This latter observation reinforces the conclusion arrived at in the
Apollo 14 data analyses that the second-order oscillations observed in the
Apollo 14 data for the Radial and Zone cells were not the result of power
fluctuations.
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APPENDIX D
CONDUCTION-RADIATION THERMAL MODELS

A conduction-radiation model of the heat transfer processes in a fluid
is constructed by neglecting the effects of fluid motion on the heat transfer.
This assumption uncouples the conservation equations and allows an analysis
of only the conduction and radiation portion of the energy equation:

oT —
pC— =v - &VT) - Vv - g + ¢

\" 8t r E (D—l)

This type model is useful because:
e Solutions are easily obtained using existing computer programs.

e Convection solutions can be compared to conduction-only solutions
to determine the impact of convection on the fluid behavior.

The conduction-radiation model computer programs which were used
to analyze the HFC are (1) VUFACT [41] (calculates radiation view factors)
and (2) Thermal analyzer {42] (uses VUFACT inputs and calculates tempera-
tures). The VUFACT program calculates the radiation interchange factors f
necessary to compute the radiation heat flux term:

q. = of(rf-1H . (D-2)

These coefficients f are calculated for arbitrary geometries using the mater-
ial surface properties, emissivity, absorbtivity, and reflectivity.

The Thermal Analyzer program utilizes a numerical finite-difference
method to solve equation (D-1). Both steady-state and transient temperature
histories are plotted at user specified node points in the fluid and/or solid
boundaries. Temperature-dependent thermal properties and time-varying
boundary conditions are easily implemented.
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A. Thermal Analysis

Thermal analyses were performed on the Radial, Lineal and Flow
Pattern heating units for accurately predicting temperature profiles for com-
parison with flight data. In the thermal analyses, each heating unit was
divided into incremental volumes and a set of generalized differential energy
transfer equations was established. Considering an incremental volume in
terms of its heat capacity and its radiative, conductive, and convective energy
transfer gives the following total energy balance for an arbitrary volume j :

V.Cc_dT./do = GAF. (T{-TH +h A (T.-T.
p] j Pj j Z JJ‘l(J 1) cj cj(f J)

- ! 1 - _ 1 4 _ 4
b, A (T T = LoAS  (Tf-1))

N
- ) KAl /X o+ Q
n=1 J J ]
where
p,V,CP dT,/d6 is the rate of change of sensible heat due to energy
1] j ) transfer to or from element j
h A (T,-T)) is the energy rate gained or lost because of con-
c, ¢, f j . .
i o] vective exchange between element j and the
internal fluid
h'C A'c (Tj - Tf) is the energy rate gained or lost because of con-

i i vective exchange between element j and the
external fluid

cA T i(TL4 - T  is the energy rate gained or lost because of radiant
exchange between element j and element i

97




cA'F. (Ti-T 4) is the energy rate gained or lost because of radiant
bimat exchange between element j and the ambient "air"

o

K A dT, /dX, is the energy rate conducted to or from j along
b e path n due to adjoining elements

Qj ' is the internal heat generation.
In the above equation, it is assumed that the element under consideration has a
uniform temperature T = Tj over its volume.

The generalized differential energy transfer equations were solved
mathematically by the Lockheed-Huntsville Thermal Analyzer Computer Pro-
gram [42] using the following finite difference form of the equation:

T,
_ B PLA. L, Af
Tioeno = Tio 7 Z R.. Z’R Qo] .
i i i

where

6 and 6+Af = times
= the thermal resistance from node i to node j

Ci = the thermal capacitance of node i
Qi = an arbitrary heat input to node i
Ti and Tj = temperatures of the subscripted nodes.

B. Thermal Models

Thermal models for the Radial, Lineal and Flow Pattern heating units
were developed to calculate the transient temperature distributions for com-
parison with the Apollo 17 flight data. Heat transfer paths were defined
including all important locations at which changes occur affecting the thermal
parameters (such as material, area, mode of heat transfer, joints, etc.).
Locations at which the temperatures were calculated (referred to as nodes)
were selected along the various heat paths based on the symmetry of the struc-
ture and the areas of major interest.
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The nodal networks for the thermal models which were used are shown in
Figures D-1, D-2, and D-3. The Radial heating unit thermal model (Fig., D-1)

Glass 5
37 38 39@ 40@ 4le 10
By
21 |1
Argon Gas 33@ 3de 35e 36 o < 7
S — = —% > 92
f ) 43 44 45
L ® H e 20 /
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Figure D-1. Nodal network for conduction/radiation thermal model
of Apollo 17 HFC Radial cell.
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Figure D-2. Nodal network for conduction thermal model
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Figure D-3. One-dimensional nodal network
for conduction/radiation thermal model
of Apollo 17 HFC Flow Pattern cell.

includes conduction, radiation, and external convection. The Linear and
Flow Pattern heating unit thermal models (Figs. D-2 and D-3, respectively)
include conduction and external convection. A list of the thermal properties
used in the development of the thermal models is given in Table D-1.

The computational error associated with thermal modeling and the finite
difference method of solution depends on the construction of the thermal model
(i.e., how the physical geometry is divided into nodes) and the thermal prop-
erties of the material. Past experience with the thermal analyzer program
indicates that the accuracy is well within the limits of the properties data.
Therefore, the properties data become the controlling factor in determining
the accuracy of the thermal model. A summary of the errors expected in the
Radial heating unit model is presented in the following.
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TABLE D-1. THERMAL AND FLUID PROPERTIES
Dynamic Kinematic Thermal Thermal Coefficient Specific Prandtl
Temperature Density Viscosity Viscosity Conductivity Diffusivity of Expansion Heat Number
, P, TR v, k, a, B, Cpr
°F Ibm/ft? Ibm/ft-sec ft?/sec Btu/hr-ft-°F ft%/sec 1/°F) Btu/lbm~°F
Fluid (°0) (gm/cm?) (poise) (stoke) {cal/sec-em-°C) | (em?¥/sec) (1/°C) (cal/gm-°C) Pr
CO, 150 0.1 1.14 X 1073 1.14 x 107 1.12x 1072 1.50 x 1074 2.07x 107° 0.21 0.76
(65.5) (1.0x107%) | (1.70x107%) (0. 108) (4.63 x 107%) (0. 140) (3.72 x 107%) (0.21) 0.72
300 0.082 1.37 X 10™3 1.67% 1074 1.49 x 1072 2.32 x 1074 2.07 x 107° 0.23
(149) (1.31x107%) | (2.04 x 107%) (0. 155) (6. 16 x 1079 (0.218) (38.72 x 10™%) (0.23)
Water 150 61.2 0.292 x 10~° 4,77 % 1078 0.384 1.74 % 1078 1.15 x 1074 1.0 2.74
(65.5) (0.98) (4.35 % 10-%) (4.43x107%) | (1.59 % 107%) (1.62x 107%) | (2.07x 107%) (1.0)
Sucrose, 150 67.4 0.498 X 10-° 0.739 x 1073 0.301 1.43 x 10-¢ 1.15x 1074 0. 87 5.0
20%
(65. 5) (1. 08) (0.742 x 107%) | (0.687 x 1072 (1.24 x 10°%) (2.37x 107%) | (2.07 x 1079 (0.87)
Argon 300 0.102 1.95 % 107° 1.91 x 107 1.35x 107%) 2.82 x 1074 2.06 x 107° 0.13 0.68
(149) (1.64 x 1073) (2.9x107%) (0.177) (5.57 x 10-%) (0.262) (3. 70 x 10-3) (0.13)
Krytox 275 103 3.05% 1078 2.96 x 107° 4.5 % 1072 4,5% 1077 5.8 % 107* 0.27 65.7
143AA
(135) (1.65) 4.54 x 1074 (2.75 x 107%) | (1.86 x 10~9) (4.18x 107 | (10.4 x 107 (0.27)
Krytox 100 114.2 2. 204 X 10-2 1.93 x 1074 — - 6.1x 1074 -
143AZ
(37.8) (1.83) (0.329) (0.18) — — (1.1 x107%) —




Source of Error Error
Thermal Conductivity (Argon) £5% min,
Radiation £7%
Heater Power +4%
Density (Argon) << %1%
Finite Difference << £1%
Dimensions << 1%

A weighted average of these errors gives an accumulated error of approxi-
+10 percent of the temperature difference (T, - T, ... ) for the Radial

X,t initial
heating unit model. Since the thermal properties of the Lineal and Flow Pat-
tern heating units are better known and no significant internal radiation exists,
it is expected that the error for these models will be approximately half of the
Radial model error.

As an example of this error, consider a typical point on the Radial cell

curves. The temperature rise is from 25°C to 35°C, resulting in AT = 10°,
which gives an error of 1°C.
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C. Radial Heating Temperature-Time Curves
(Precision and Error Bands Indicated
by Vertical and Dashed Lines)
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Figure D-4. Radial heating temperature-time curve (r= 0.5, run 1).
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D. Lineal Heating Temperature-Time Curves
(Precision and Error Bands Indicated
by Vertical and Dashed Lines)
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E. Flow Pattern Temperature Profile Curves
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Figure D-24. Flow pattern temperature profile curve (Q = 7.56, t= 18, Ta = 25°, I = 1.89).
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Convection modeling consists of analyzing the fluid flow and heat trans-
fer simultaneously. These mechanisms are coupled since the heat transfer
affects the flow velocity and likewise the fluid convection influences the heat
transfer. This appendix briefly describes a computer model of convection
phenomena which was applied to the Apollo 17 HFC demonstration require-
ments.

The convection model [33] consists of a numerical solution to the full
Navier-Stokes equations for a compressible, viscous, heat conducting fluid.
The computer program can currently solve problems for two-dimensional
flow in a rectangle and axisymmetric flow between concentric cylinders. The
HFC Radial cell configuration consists of the concentric cylinder arrangement.

The model contains two possible driving forces for fluid convection.
The gravity-induced convection caused by buoyant forces and the thermally-
induced expansion convection are included with the gravity vector. The LGCP
currently utilizes the following assumptions and simplifications to the Navier-
Stokes equations.

e Newtonian fluid obeying Stokes viscosity law.

e Constant thermal properties k, Cv’ s Ve

e No radiation or internal heat sources.

e No viscous dissipation of energy.

e Ideal gas equation of state (P = pRT).

The current convection model does not make the classical Boussinesq
approximation which neglects the effects of pressure on the density profile.
Most models reported in the literature make this assumption resulting in a

quasi-incompressible approach. The model used here considers the equations
of compressible flow with variable density in all terms.

The geometry and coordinate system used in the convection computer
model are shown in the following schematic. This configuration allows the
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radial cell experiment to be simulated analytically with both heat conduction
and convection included.

g2
Argon r
a Gas >
r=b, Z=0
—1
/ < L= T
r=r , Z=0
lt—3- b <

The Navier-Stokes equations for the Radial cell are derived by invoking
the conservation laws for mass, momentum, and energy. Written in axisym-
metric cylindrical coordinates, these governing equations take the following
form:

Mass

ap' 1 5 3
st T e @R F gy () =0 (E-1)
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These equations, with properly prescribed boundary conditions, describe the
flow and thermal bhehavior of the gas in the Radial cell.

The thermal boundary conditions consist of specified values of tem-

perature or heat flux at the heater post, cylinder wall, base insulation layer,
and liquid crystal strip. These velocity boundary values consist of a no-slip
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(V = 0) condition at the solid interface and a symmetric condition (9V/dr = 0)
at the ""top" of the heater post. The boundary values for the solid surfaces
were calculated first using the pure conduction assumption and then corrected
for convection heat transfer into the argon gas.

The thermal convection computer program utilizes a finite-difference
numerical solution to the full Navier-Stokes equations. The program allows
the direction and magnitude of the acceleration vector to be arbitrary. A
unique capability of the program is the coupling of gravity convection and
thermoacoustic convection. This capability is necessary for analyzing the
HFC Radial cell since both types of convection could occur in this cell.

The same basic nodal breakdown used in the conduction model (Fig. D-1)
was also used for the convection model. However, the number of node points
was doubled to insure accuracy in the fluid-flow calculations. An error analy-
sis of this type of model consists of essentially the same error bands as the
thermal models discussed previously. The primary purpose of this type of
modeling is to determine if convection occurred in the flight experiment and
to estimate the magnitude of the increased heat transfer. In addition, this type
of modeling allowed the Apollo 14 and Apollo 17 data to be compared to simi-
larities and differences in convection aspects.
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APPENDIX F

REVIEW OF GEBHART'S THEORY
OF RANDOM CONVECTION

The paper by Gebhart [34] deals directly with convection caused by
random disturbances likely to prevail in spacecraft. Sources for these bumps
or impulses in the spacecraft include motion of the occupants, attitude control
measures, particle impacts, and internal mechanical events. The effect of
the fluctuations on a contained fluid were considered to be transferred to the
fluid by normal and shear stresses. The former are associated with velocity
fluctuations, whereas the latter are attributed to orientation changes caused
by relative motion between boundary surfaces and the enclosed fluid. Assuming
that shear stresses account for most of the convection, Gebhart obtained a
relation between Nusselt number (comparison of random convection and pure
conduction) and elapsed time between impulses. This relation is shown in
Figure F-1 for various container geometries. Time intervals between bumps
are proportional to Fm, which is a mean disturbance Fourier number. The

disturbance Fourier number, F , is defined by the following relationship:

arT,
where
o = thermal diffusivity
T = time between disturbances
s = significant dimension

The equations which relate the average Nusselt number to the disturbance
Fourier number are:

Plane, One-Dimensional Case
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Figure F-1. Effect of disturbances on heat transfer [34].

Spherical Regions

The Cn term is an n-dependent constant where n is an integer in the proba-

bility distribution used and (n + 1) corresponds to the number of independent
variables causing the vibration. Values of Cn for various values of n are
given as follows: :

C 1 1.061 . 1.083 1.128
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The analysis treats only small amplitude vibrations. It does not take
into account substantial fluid flow that would result from large amplitude dis-
turbances. However, the analysis should give order of magnitude effects. An
increase in heat transfer between 300 to 400 percent is predicted during fre-
quent impulses of small amplitude.
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