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ABSTRACT

This report presents the findings of a preiimicary study in which time-
lapse movies were taken through a microscoge to investigate the solid/liquid
interface during phase change. The apparatus, procedure, materials used,
and results are discussed. Recommendations are made for improvements in
technique and equipment.

The interface morphology varied greatly during freezing with different
materials. All sample materials except water showed microscopic peaks along
the interface, but these peak heights varied from a maximum of 0. 17 mm for
tetradecane to a maximum of 2. 25 mm for a binrary mixture of 5 percent
hexadecane in octadecane.

The feasibility of using this technique to study the effects of convection,
bubble formation, freezing and melting rates, and other parameters is shown.
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A MiCROSCOPIC STUDY OF SOLID/LIQUID PHASE CHANGE
IN SEVERAL MEMBERS OF THE PARAFFIN FAMILY

INTRODUCTION

The processes involved in solid/liquid phase change hav -een subjects
of interest to scientists of several different disciplines for year.. In metallur-
g7, semiccnductors, bicchemistry, and other related fields, a more complete
Imowledge of the mechanisms of crystal growth would prove invaiuable. Uising
the latent heat ot fusion, which is inherent in the freezing and melting of a sub-
stance, presents an attractive method of thermal control in spacecraft {1, 2].
Yet without a thorough understanding of the processes of solidification, liquefac-
tion, and puclestion, there are reservations about using this method under space
conditions. Using phase change ma‘erials in conjunction with presently used
systems (coatings, louvers, heat pipes, and others) presents a means of
increasing dependahility, lifetime, and adaptability.

This metkod has led to a series of supporting scieatific studies, one of
which this report covers. Using heats of fusion is feasible, but at present
without further investigation the mechanisms involved in the processes of melt-
ing and freezing are not understood well enough tc proceed with phase change
as a thermal centrcl system. For instance, how does the role of convection
affect phase change? Will the abseace of convection ir 0-g lead to unknown
difficulties? How does the presence of bubbles and voids affect the system?
And in space, what will the differences in these effects be? These and other
questions concerning nucleation, the effects of thermal cycling, freezing and
melting rates, and other parameters are of vital interest to scientists in many
fields.

The technique for microscopic studies of solid/liquid phase change was
developed by L. J. Thomas and J. W. Westwater of the University of Illinois
ir 1963 [3,4]. Their subject materials included n-octadecane (CyHgy),
n-hexadecane (CygHy,) , and binary mixtures of these two paraffins. The study
presen*ed in this report is of an exploraiory nature aimed at further develop-
ment of the microscopic technique of crystal growth studies. Develepment of
this technique was necessary before the initiation of further studies . Quantita-
tive studies are now under way.



The pareffins provide excellent material for studies of crystal growth
by microscopic observation. They are siraight-chained hydrocarbons with
relatively high heats of fusion; their melting points, varying as a function of
number of carbons in the chain, cover a wide range of temperatures. The
major advantege in using the paraffins is that in the liquid state and as single
crystals they are transparent, and in the solid bulk they are transluceat. This
fact makes microscopic observation of the freezing/melting interface possible
and this is not feasible for metals or other opaque substances. One must resort
to such methods as decanting the opaque liquid (thus interrupting the process)
to study crystaliization in metals. By using a transpareat liquid, the process
can bec observed as it occurs.

The basic theory of solidification, liquefacnoxn, nucleation, and related
heat transcfer problems is discussed at great lengths by many authors, including
those in References 3, 5, and 6. Two primary factors in this study are the
latent heat of fusion and coavective currents.

When a golid melts, the amourt of heat which must be added at its
melting point to cause the molecules to become sufficienily detached from each
other tb be termed a liquid (still at its melting point) is called heat of fusicn.

A research study [6] conducted by Lockheed Aircraft Corporation for
NASA has shown that convection also plays a dominant role in phase change.
Three ‘ypes of convection are of primc importance: Rayleigh convection, R
(influenced by gravity}, Marangoai convection, B (not influenced by gravity),
and inertial convection { caused by volume charges between solid and liquid).
Convection in some form is almost a necessity in solidification ( the molecules
in the liquid must move to avsilable lattice sites) and in liquefaction (the
molecules in the solid must move into the melt}). In a gravity field both the
Rayleigh number 2nd the Marangoni nurnber pley roles in convection. in the
absence of a gravity field, Rayleigh convection would not occur; however, it
ic still pessible for convectioa of the Marangoni type to occur. At present,
it is uncertain how much of the convection cbserved on earth is the result of
the inertial and Marango: ¢ i-pes. (The influence of each type upon the total
ameount of convection seen is also unknown. )

Further scientific research in the area of convective el 2cts con solidifi-
cation and liquefaction as well as the effects of space conditions on convection,
would add much to the growth thecries. Direct microscopic observation of the
advancing interface can be used quantitatively to measure velocity and velocity
distribution throughout the bulk, define interfacial geometry as a function of
growth rates, determine growth rate as a function of thermal gradients, define



mechanisms of heat transfer, determine the effect of bubble and void formation
on solidification, determine possible effects of magnetic fieids, and evaluate
many other aspects of crystallization.

Mathematical equations defining boundary conditions and giving analytical
solutions to prob ms of heat transfer have been formulated. These solutions
involve assumptions such as materials of infinite thickness that can be verified
or rejected through the microscopic studies. Realistic laboratory conditions do
not always allow these analytical solutions. Much work has been done to deveiop
solutions which approximate boundary corditions.

Cne such model of the freezing and melting process is given by Chalmers
[5]. His model gives the rates of melting and freezing as follows:

= ‘RT
Rm NsAmevsexp(-Qm/ )

Rf = I\IAfovl exp(- Qf/RT) ’

where Rm and Rf are the rates of melting and freezing; Ns and Nl are the number

of atoms per unit area at the interface in the solid and liquid; Am and Af are

accommodation factors which determine the probability that the atoms of one

phase can be geometrically accommodated in the other phase; Gf and Gm arve

the proportion of atoms in cne phase which have all vector factors required for
the atoms to leave that phase; vs and vl are the vibration frequencies for atoms

in the solid and the liquid so that v exp(-Qm/RT) and " exp(~(§/RT) are the

pumber of times per second an atom at the interface has the enerygy required to

be in the other phase. At the equilibrium temperature (TE) R Rm = Rf, these

two processes are assumed to occur simultaneocasly and independently with
their relative rates depending on temperature as shown ia Figure 1.

The geometrical terms in this model (A and G) are rather vague. 1t is
in these terms that convection enters hy changing the position of atoms in the
liquid. How convection affects these terms is not known at present.

In other models, as in this ¢ =, the sffects of convection aud gravity
have virtually been ignored. One reason for ignoring the role of convecticn
is that the interface kinetics involved in phase change are not compietely under-
stocd.



APPARATUS AND PROCEDURE

A photograph of the lest apparatus is
shown in Figure 2. Note that the camera,
TEMPERATURE microscope, light source, and test cell
are all securely mounted on a steel base
FIGURE 1. DEPENDENCE OF plate to minimize vibration effects on the
MELTING AND FREEZING film. A schematic of the entire apparatus
RATES ON TEMPERATURE is shown in Figure 3. Figure 4 illustrates
some features of the test cell. The in-
side dimen.ions of the test cell were 1 1/4 x 1/2 x 1/2 inches. The walls of
the cell were made of 1/ 16-inch Plexiglas for ail runs except those in which
a binary mixivre of 25 percent hexadecane and 75 percent octadecane was
photographed. In these runs 3/64-inch vinvlite was used.

FIGURE 2. IN-HOUSE TEST APPARATUS
{ PHOTOGRA PH)
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FIGURE 3. SCHEMATIC OF IN-HOUSE TEST APPARATUS

A Peltier device was placed at each end of the cell to heat and cool the
ends independently. Thus the sample material could be melted or frozen
vertically either upwards or downwards. Aluminum blocks were used between
the Peltiers and the test cell to assure an even distribution of heat. Brass
heat sinks required to dissipate waste heat from the Peltiers w.re made, and
pipes through which tap water was circulated ( Fig. 5) were machined mside.
Two thermocouples coastructed from 0. 025-inch diameter copper-constantan
wires were placed on the aluminum blocks next to the cell itself so that the
temperature recorded on the Speedomax W recorder was approximately the
actual temperature of the interface between the aluminum and the test material.
The temperature of the top and bottom thermocouples was recorded alternately
every two seconds. As the melting point of the sample materials (except
octacosane) was near room temperature, extraneous lateral keat flow through
the cell walls was ignored in these studies.

Volume change was compensated for by a small vent reservoir in the
top aluminum block slanting down to the inside of the test cell. The reservoir
worked very well when freezing from the bottom because the liquid was pushed
upward through the vent. When freezing from the top, however, the vent was
closed by the solid, and there was no room for expansion. In these cases the
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amount of pressure buildup inside the test cell was unknown, ard such runs
were watched closely. Several factors lead tc the conclusion that pressure
buildup does not affect cell performance or crystal growth patterns. The
sample materials arc slightly compressible; the test ce'l is siightly flexible;
and no observed differences weie found in the sol'dification or the sa: ple
materials at various temperatures.

Also from the Clapeyron equation

ap Sy

dT ~ T(V-V) °
>

(where dP/dT is the change in pressure with a change in temperature; AHqu

is the heat of fusion in liter-atmos pheres; T is the melting point in °K; and
\'4 -VS is the volume change from liguid to solia), it has been found that a

change of 1° in the melting point of water requires a pressure of 133 atmos-
pheres. In other words, an increase in pressure of one atmosphere lowers
the melting point by 0. 0073° [ 8].

Sampie materials included n-octacosane (Cogtlg), n-eicosane (CyoHyy),
n-octadecane (C,;;Hy), n-hexadecane (CygHy,), n-tetradecane (CyHyy), water,
and binary mixtures of 5 percent hexadecane in octadecane and 25 percent hexa-
decane in octadecane. All samples except water exhibited polycrystzlline
material and s.ngle crystal spikes at the operating magnification.

Melting points from the literature are given in the following table:

Material Melung Point .- °C
H,O 0
Tetradecane 5.5
Hexadec.ane 20

Gctadecarne 28

Eicosane 38

QOctacosane 51



The laboratory setup wac _onstructed around a Le.tz microscope with
a beam-splitting prism situated in the light path of th= tube. The light team
was split in a ratio of 80:20, with 80 percent passing through the phototube and
20 percent through the observation eyepiece tube. The light source was a 6-V,
30-W filament bulb mounted in a universal lamp housing. Since the shutter
speed on the 16-mm Kodak Cine movie camera was fixed at 1/50 sec, the
exposure was controlled by the light intensity or the aperature diapkragm or
both. With black and white film, exposure was controlied chiefly by the light
intensity. The filament temperature recommended by the film manufacturer
for proper color balance in the use of color film was 3200°K so that the aperture
diaphragm was the chief means of conirolling the exposure.

Although large magnifications were desirable, there was a point beyond
which the shorter focal lengths of the higher powered objective lenses proved
useless with the apparatus used. The thickness cf the sample cell made focusing
on the interface in the bulk impossible at the higher magnifications.

Two cbjective lenses were used. One produced a magnification of 5X
on the film, whereas the other gave a magnification of 17. 85X. The short
focal length of the higher power objective made focusing with this lens a
problem. For example, it was only possible to focus just inside the wall,
thus creating the possibility of the runs being affected by heat transfei through
the wall. Pictures taken with the lower magnification lens were focused in
the bulk, thus eliminating most boundary effects. One of the major advantages
of using a transparent liquid and a translucent solid is the ability tc study growth
in the bulk, and this possiviliy was utilized best by using the lower magnifi-
cation objective lens. Fortunately this magunification was sufficient to show the
interfacial features of the sample materials used. This lens kad a rield of
view 3 mm x 2 mm.

Most runs were taken at a framing rate of 2. 0 frames/sec. The
framing rate was controlled by a Hewlett Packard function generator, Model
3300A. This furnished a timing pulse to a silicon control rectifier circuit.

The power from the SCR circuit operated an elertromechanical solenoid which

actuated the shutter (Fig. 3). After a warmup period of 30 to 45 minutes, the

pulses from the function generator were compared with the timing signals from
WWYV, and there was no significant discrepancy.



The test cel! was filled by removing the top section (Fig. 4; and pouring
in the sample materisl. With the top replaced, the test cell was placed in a
special mount attached to the microscope. Before {illing the cell, each sample
was filtered to remove impurities, and the cell was thoroughly cleaned by
boiling in an Alconcx/water solution three times for fifteen minutes each time.
The cell was then rinsed thoroughly in distilled water.

The mouat which held the test cell could be traversed both vertically
and horizontally maintaining the solid/liquid interface in the field of view.

Since the sample materials were coloricss, black and white film was
first used. Three types of film were tried: Tri-X reversal, Plus-X reversal,
and infrared. Plus-X reversal gave the best images. Runs from all three
types of fiim were assemtled in Reel 1.

The use of poiarized light with colered film resulted in movies which
gave more depth perception than the black ard white. Several runs were made
using colored film and were assembled in a separate movie (Reel 2). Sample
materials for the colored film were water and binary mixtures 5 percent
hexadecane in octadecane and 25 percent hexaGecane it octadecane. A color-
compensating filter was required when coior {film was used. Normally an
Ortholux WXYEE blue filter was placed in the light beam. This filter produced
a reasonable color balance. The polarizers were placed in the light beam
before and after the sample maierials ( Fig. 3). When observed unuder these
conditions, the crystals were multicolored because of birefringent properties.
As a crystal thickens, the color chenges. Thus an idea of the rate at which a
crystal's thickness changes can be obtained. It is feasible that this techrique
can be developed into a method of measuring growth velocities with respect to
crystal thickness.

Organic materials tend to dissolve gases readily. Th.se gases were
released r.s bubbles in the melting and freezing processes. No ..empt was
made to remove these dissolved gases. In several cases (notably water) the
bubbies could be seen redicsolving on meiting if they did not becoms large
enough to rise to the top of the cell by buoyancy forces. Octacosane was
rarticularly difficult to photograph because of the very large bubbles (some-
times as large as 2mm in diametcr) which formed when the material was
frozen. The cell was vibrated to release these bubbles so that the advancing
interface could be photographed. This procedure could not be continued ior
any length of time because a void was produced by the rising bubbles between
the liquid and the upper heat source. It was alinost impossible to photograph



octacosane freezing from the top since the bubbles completely covered the
interface, thus cutting off the solid entirely from the liquid. By using a steady
flow of hot air, however, to melt a “"reservoir” in the solid to abscrb tke
bubbles, pictures were obtained of octacosane meiting frown the top. In these
cases the hot air was directed toward the back side of the test cell untii sui-
ficient sclid was melted to accommodate the bubbles formed during freezing.
The sclid was ailowed to come to equilibrium with the liquid, the substance
was melted, and the photographs were made.

Bubbles were seen under both freezing and melting conditions in all the
samples, but were fewest in the two binary mixtures. Water was an interesting
sample. No crystailine structure of water could be seen at the stated magnifica-
don. The size of the bubbies which formed at the interface during freezing
remained approximately constant in the liquid for awhiie but left a trail (a long
cylindrical void) in the solid as the interface advanced. An explanation of this
type of bubtle formation is given by Chalmers [5].

Veiocity measurements were obtained by defining the time period required
for the solid/liquid interface to traverse the field of view. The maximum veloc-
’
ity was recorded on the filic for each run.

In the runs with "snow" (obseryed in the binary mixture 5 percent
hexadecane in octadecane when there was solid, on both top and bottom), the
growth velocity of the interface was net measured. As a matter of imterest,
however, the veiocity of civstals falling or moving in convective currents was
measured. This is an indication of the amount of ccnvection obtained with
very small thermal gradients. After each 32 frames the velocity of five crysials
was measured and averaged. Then the maximum average value for the run was
given as the "Maximum Velocity. "

Temperature profiles werc taken directly from the recorder. One prob-
lem encountered with the recorder used concerned the fixed temperature span
and a Iixed zero position. In the process of freezing or melting, the thermo-
couple leads to the recorder had to be reversed. This was impractable during
runs. In several cases the temperatures went off-scale.

10



RESULTS

veneral

Altt ugh this study was of an exploraiory nature and no attempt was
made analyt cally to define and evaiuste the parameters involved in phase
change, general observstiors vrere made wlich ia themselves may lead to more
detailed studies.

Crys.alline shape and size were dependent on growth velocities and,
therefore, on temperature grs iient since the velocity was determined by the
temperature gradient. During the freezing process the larger crysials appeared
at smailer temperature gradieats. These larger crystals were botk lcager and
wider than those grown st slow=t velocities. A correlation of velocity and peak
beight for the birary mixture 5 perceat hexadecane in octader<ne is shown in
Figure 6. Figure 7 shows & correlation between peak heigh. £rd temperawmre
gradient for this same mixture

The dissolved gases released as bubbles during freezing and melting
affected the heat flow characteristics irside the cell in several ways. First,
a bubble (void) formed in the soli1 acts as a barrier to heat flow. Secondly,
bubbles in the liquid serve to stir the liquid and thus enhance coavection.

Octacosane (C28H58)

To reduce the lateral thermal gradient and prevent freezing on the walls,
heaters {made from #30 nichrome wire) were positicned ca the front and back
sides ¢f the test cell. Octacosane has a melting point well above room tem-
peraiure. The interface observed in the bulk of the sampie material showed
peaks and volleys. Spikes of irregular shape were observed. The spikes
disappeared on melting and the interface became smooth. The maximum tem-
perature differentisi was 41°C with the heat sink temperature 35° to 40° below
the equilibrii. m temperature (melting point). The longest spikes (0.5 mm long)
were observed at the point of maximum growth vclocity (1.21x 10-? mm/sec).

1%
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Eicosane (C20H42)

Although eicosane has a melting point above rcom “emperature (38°C),
a stream of warm air blowing on the side of the test cell was sufficient to reduce
lateral heat transfer. Pictures taken in the buik during freezing revealed long
spikes (up to 1.4 mm ir length at a maximum velocity of 1. 87 x 10-2 mm/sec).
These spikes were -imiiar tc those present in octacosane, but they were mcre
crowded and resembled blades of grass. When melted, these spikes disintegrate.

Tetradecane (C14H30)

The melting point of tetradecane is below room temperature (5. 5°C);
therefore dry nitrogen was circulated around the exterior of the ceii to reduce
water vapor condensation,

Tetradecane showed an interface which was almost smooth on freezing.
Very small rounded peaks could be seen along the solid/liquid intericce.
When freezing the sample from the bottom, these peaks were a8 maximum oi
0. 08 mm high; whea freezing from the top, the peaks reached a maximum of
0.17 mm. The variation in size of the peaks did not appear to be caused by
a difference in growth velocity. The interface was smooth in all cases during
melting, and myriads of sma:l bubbles were released.

Hexadecane (CmH}d)

Hexadecane melts just beiow room temperature so was the least difficult
to photcgraph. When solidification began, the interface was covered with many
tiny spikes which grew in length and width as the interface sdvanced. The
velocity decreased as the interface moved farther from the heat sink. At the
- higher velocities (3.66 x 10-% to 2.0 « 10-Z mm/sec) the spikes were approxi-
mately 0. 05 mn high. As the sample grew higher ir the test cell and the
velocity decreased (to 1.1 v 102}, the peaks measured were much larger
(0.75 mm to 0.85 mm) ; but at slower velocities (5.0 x 10-3 mm/sec) the
peaks were not quite so long (0.5 mm). As the initial spikes grew in length,
their width increased at a faster rate so that the crystals eppeared to become
flat on top and more or less rectangular. In so.ne cases waves were observed
to form on one or another of the crystal faces. These waves were similar to
ripples observed by Thomas and Westwater [ 3, 4].

13



At one point, a group of spikes grew up and spread out i ail directions,
resembling a clump of crabgrass. This could have resulted from conveciive
currents or some other facter.

Upon melting, the hexadecane crystals crumbled, !eaving a smocth
interface.

Qctadecane (818H38)

QOctadecane has a melting point of 256°C. When the sample wzs freezing,
crystals of two shapes were gbserved: long spikes and flat crystals. These
two types were not intermingled but were segregated. Both types grew at the
same growth rate. It is possitie that the long spikes were actuaily the flat
crystals viewed perpencidularly to the flat face; but it is strange that these two
orientations were segregated. Both types had waves: the spikes had lires wkick
moved from the bottom to the top of the spike as it grew. On the flat crystals
the waves moved along the top surface.

The melting interface was irregular in most cases and bubbles were
released as in the other materials studied.

Five Percent H-xadecane iin Octaaecane

The rrelting point of this mixture is 27.3°C. During freezing the inter-
face was very irregular: spikes grew out almost horizontally both from right
to left and left to right, ahead of the bulk interface. At low growth velocities
(1.47 x 10~¥ mm/sec) these spikes were small (0.2 mm) and looked very much
like hexadecanc. At the highest velocity measured {1. 34 x 16~ mm/sec) these
spikes were as long as 2. 253 mm. Convective currents coilid be seen in several
runs. These currents were especially ncticeable during melting, but they
could also be seen during ireezing. The direction of spike growth was gen-
erally in the direction of these currents. It appears that the atomic kinetics
of crystallization are slow relative to the mass mavement caused by the con-
vection present in these studies, Thus the face of the crystai vvhich was most
affected by convection (the upper face) grew slower than the underiace since
molecules in the liquid were moving too rapidiy to become oriented properly as
a new iayer in the svlid. The result of this condition was that the crystal
spike< grew in an almost horizonta: direction; adding molecules to the underface
more apidly than to the upper face. This type of growth is illustrated in
Figure 5. These larger crystals were observed, as previousiy stated, at



higher velocities — that is to say, at
lower temperature gradients. Durmg
melting, bubbles which had been trapped
in the solid were released. The inter-
face was relatively smooth sfter the
initial layer of single crystals melted.
Atterupts to observe the very iarge peaks
(“'castles™) of solid (&as high as 0. 01 in.)
reported by Thomas and Westwater [3, 4]

FIGURE 8. SPIKE GROWTH IN  were unsuccessfui. In some melting

BINARY MINTURE 5 PERCENT  runs, however, amorphous-looking

HEXADECAXNE IN OCTADECANE  material was coserved intermingled with

crystalline material. Apparenily these

amorphous volumes were the result of a separation of components, the same as
was the case with the large peaks discussed by Thomas and Westwater.

Another siriking phenomenon observed in the binary mixture of S percent
hexadecane in octadecane occurred when solid had been allowed to forimn at both
the top and bottom of the test cell: Individual crystals were observed to fall
from the top into the liquid, and when large amounts of convection were preseat,
individual crystals were swept up in these currents from the bottom into the
liquid. Because the velocities were much faster, the framing rate was in-
creased, generally io 8 frames/sec, during these runs. These snowstorms
provided an opportunity to study individual crystals. The individual crystals
falling from tane top were much larger than those swept from the bottom. The
ccnvection necessary to carry crystals up into the liquid is indicative of the
fact that in these cases the thermal gradient in the liquid was large. In the
cases where large crystals fell from the top, there was little or no conveciion
observed. This fact coupled with the fact that the individual crystals did not
appear to change in size indicates that the temperature of the liquid was uni-
form throughout the sysiem. Individuzl crystals seen in these snowstorms had
varving shapes from small squares and rectangles (as small as 0. 01 mm) in
some runs to large needle-like and cigar-shaped crystals (as long as 1. {5 mm)
in others. The average size of ihe crystals was about 0.4 mm. The tem-
perature in the liquid must be alinost at the equilibrium temperature since no
growth or meliing of the crystals was observed as they moved through the
liquid. In some runs the crystals seemed to be suspended in the tiquid. This
may ve the result of combined forces of buoyancy, convective currents,
gravity, and viscosity.
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Twenty-five Percent Hexadecane in Octadecane

This mixture has a melting point of 23° to 24°C. The advancing inter~
face during freezing was irregular. As in the 5 percent hexadecane in octade-
cane mixture, there were some spikes growing at an incline. The upper face
of these spikes, however, was irregular (Uruffles’ appeared on this face);
these ruffles grew to be new peaks, Cther crystals were feather or leaflike:
these grew in conteniric waves as illustrated in Figure 9,

FIGURE 9. CONCENTRIC-WAVE GROWT PAITE N IN
BINARY MIXTURE 25 PERCENT HEXADECANE (i 0 Tan

These leallike crystals and spikes could be the s.r'« ~ o13iliae shape
viewed from different angles,

When freezing from the lop, the crystals appeared to e more rounded
and not quite =o large as when freezing from bottom {poak height, freezing
from bottom: 0, 17 mm 1o 1,95 mm; {reezing from top: 0,17 mm to 6. 5 mm)
As with melting the 5 percent bexadecane in octadecane mixiure, amorphous
volumes appeared among the crystalline material, This was more pronounced
inthe 25 percent mixiyre.




Attemnpts to produce snow with this mixture were not so successful as
with the 5 peicent mixture. Only one snowstorm was recorded, and the crystal
observed attached itself to the wall as it fell. These crystals were larger thau
those in the other mixture.

Water

Of all the test materials water was the only one in which supercooling
was observed. When crystallization began, it was rapid throughout the super-
cooled liquid. As - ith tetradecane dry nitrogen was circulated around the
outside cf the cell to prevent water condensation. Bubbles were very promineat
in water. Gases dissolved in the water came out of solution at the interface
forming bubbles. Solid froze up arcund the bubbles leaving long cylindrical
voids in the solid. At high velocities, as in initial growth after supercocling,
the bubbles were rounder and more irregularly spaced. The slower the velocity,
the larger and more regular the bubbles appeared. Bubble length varied from
0. 02 mom to 2. 0 mm and the maximum width was 0.2 mm. When the solid
melted, many of these bubbles simply disappeared as the gases dissolved in the
liquid. These bubbses appeared to grow in "layers” in some cases. This
could be the result of temperature gradients, pressure changes, keat flow,
or some othex cause.

When viewed parallel to the surface, waves could be seen along the
interface. Several runs were made looking down at an angile on the interface.
These runs showed lines meving around on the surface. At present, no
explanation of this phenomenon exists.

In both freezing and melting runs he interface was smooth and showed
2o peaks.

Color Films

The films taken with polarized light and colored film had several
advantages: (1) They gave better depth perception; (2) they gave an imndication
of crystal thickness by different colors in the crystal; and (3) they pmide
excellent educational material.

With the two binary mixtures a wide range of color could be seen under
freezing conditions. When melfiug the same mixtares, however, the color
range was usually less. Few colors were observed in the freezing or melting
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of water samples. At the interface there was a red area which could possibly
be explained as the refraction of the light through 2 .ayer of denser water or ss
the result of an out-cf-focus crystal interface in the beckground, in which

case there would be a greater depth of solid for the light to traverse.

CONCLUSIONS

The following conclusions are drawz from careful observation of the
films made during this investigation:

1.

5.

€.
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The solil/luquid interface of the paraffins is not smooth under
freezing conditions. Rather, the interface is populated by micro-
scopic pesks, which are individual crystals growing shead of the
balk,

Under melting conditions the interface appears smooth relative
to the freezing interiace.

Even when the low demsity material was placed at the top of the
sample cell and thermai gradients were s_aall, convection was
chserved as shown by the motion of dust perticles in the liguid.
At times this motion was more violent than would be predicted
by the Rayleigh number.

With the hinsry mixture 5 percent hexadecane in octadecare, large
peaks of solid extend ag intn the liquid during melting, as reported
by Thomas and Westwater, were not chsexrved. Another phemomenon
was observed with this mixtuze whick way make possible more
detailed studies of crystaliine shape and size. When saolid was
allowed to form on both top and bottom of the sample cell, “snow-
storms" of individusi crystals were ohoperved in the remaining
liguid.

The genteetry of the interface vavies as the growth velocity varies.
Peak heights were obuerved i general to be larger at higher
velocitics (after initial growth had taken place).

The growth velocity of the individual crystals at the interface often
differs considerably from the average bulk grewth rate.



7. All faces cf the crystals do not grow at the same rate. Such
anisotropic growth follows the path of least therma! resista  ce.

This study has shown tnat tke technique of microscopic observation
can be a valuable tool in studying the role f convection snd other parameters
in the processes of solidification and liguefaction. YThe use of Peltier devices
has been shown to be effective in thic application.

The feasibility of determining three-dimensicnal growth rates of
crystals by use of their birefringent properties Lss been demonstrated. In
the colered film colors ir the crystals are caused by polarized light's
eatering the crystal snd being refracted at different angles because of a dif-
ference in the thickness of the solid. Thus as the thickness changes with
growth, the color also changes.

In several runs, notabiy those of actadecsne and the binary mixtures,
two distinct crystalline shapes were ohserved. In these cases a rotating test
cell would be advantageous in determining whether these were actually the
same crystallire shape oriented at different angies. The cell could be rotated
as pictures are being taken to give a view of the same group of crystals from
varying angles. Such a rot:ting celi is presently under developmeat.

Ancthc: study which would prove interesting would be tc remove dis-
solved gases from the materizls in crder to evaluate the effects of bubble
formation.

In the studies described in this report no precantions were taen to
prevent heat transfer with the room surroundings. It is deiirabie that Loat
flow be as unidirectional as , ossible and that more tempexatu. = readi=gy he
taken throughout the depth of the test material. Therefore, fiture plans
include development of a double-walled cell with a vacuam between the walls
and several (five to seven) thermocouule jurctions inside the cell.

The value of this study lies in the fact that a capability tc perform
quantitative studies has been developed.
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