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Melting in Microgravity

M. E. Glicksman¤ and A. Lupulescu†

Rensselaer Polytechnic Institute, Troy, New York 12180-3590
and

M. B. Koss‡

College of the Holy Cross, Worcester, Massachusetts 01610-2395

The Isothermal Dendritic Growth Experiment constituted a series of three NASA-supported microgravity ex-
periments (USMP-2, -3, and -4), which � ew aboard the space shuttle Columbia. These space � ight experiments
grew and recorded dendrites in the absence of gravity-inducedconvective heat transfer. USMP-4, for the � rst time,
allowed streaming of near-real-time video data. Using 30-fps video data, we studied both freezing and melting
sequences for pivalic acid (PVA) at different supercoolings. We report on the melting process of a PVA dendritic
mushy zone, observed for the � rst time under convection-free conditions. Conduction-limitedmelting processes are
of importance in orbital melting of materials, meteoritic genesis, mushy-zone evolution, and in fusion weld pools
where the length scales for thermal buoyancy are highly restricted. Microgravity video data show that PVA den-
drites melt into fragments that shrink at accelerating rates to extinction. The melting paths of individual fragments
follow a characteristic time dependence for the diminishing length scales within the mushy zone. The theoretical
melting kinetics against which the experimental observations are compared is based on the conduction-limited
quasi-static process of melting under shape-preserving conditions. Good agreement between theory and experi-
ment was found for the melting of a selected needle-shaped prolate spheroidal PVA crystal fragment with an aspect
ratio of C /A = 12.

I. Introduction
A. Dendritic growth: Background

D ENDRITES (tree-like crystals) represent highly evolved mi-
crostructures arising from unstable solid–melt interfaces.1 In

fact,dendritesare the ubiquitousformof crystalgrowth encountered
whenever metals and alloys solidify freely from supercooled melts
or solidify directionallyunder low thermal gradients. These highly
branched solidi� cation structures are responsible for the microseg-
regation of solutes, which is often associated with the formation
of defects that occur in castings and ingots. The speeds and length
scales of dendritic crystals re� ect the solidi� cation conditions, in-
cluding temperature, composition, and supersaturationof the melt.
Dendrite development itself is important because it in� uences the
properties and responses of cast materials, for example, texture,
strength, plasticity, and corrosion resistance.

Many theoretical2¡5 and experimental6¡9 dendritic growth stud-
ies have been reported over the past half-century.Today, in fact, we
view dendritic growth as resulting from the coupling of two pro-
cesses: 1) the steady-statediffusion-limitedadvance of the dendrite
tip and 2) the capillary-mediated wave-like evolution of dendrite
branches. Dendrite growth is much simpler to describe in the case
of free growth from a pure molten phase. The thermodynamicdriv-
ing force for crystallization in this case is the melt supercooling
1T ´ Tm ¡ T1, where Tm is themeltingpointof thematerialand T1
is the temperatureof the melt far from the heat emitting solid–liquid
interface. The crystallization process for free growth requires that
the latent heat releasedbe transportedaway from the solid–liquid in-
terface by thermal transport to the cooler (supercooled)melt. In the
more complicated case of alloys—not treated any further here—the
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thermodynamicdriving force for dendriticgrowth is the melt super-
saturation. In alloys, one must considerboth the thermal and solutal
boundarylayers associatedwith the simultaneoustransportof latent
heat and solute atoms.10

Speci� cally, we analyzed and report the � rst on-orbit video data
that record carefully controlled growth and melting sequences in
convection-freedendriticmushy zonesobtainedundermicrogravity
conditions.This paper providesan analysisof melting sequencesof
already formed dendrites in microgravity—a subject not developed
in much detail in the prior literature.

B. Isothermal Dendritic Growth Experiment (IDGE)

Mathematical analysis of the dendritic growth problem in pure
substances consists of two parts: 1) solving the energy equation
along with appropriate boundary conditions for the temperature
� eld at the moving solidi� cation front and 2) accounting for cap-
illary effects introduced at the curved dendritic interface, includ-
ing the morphological stability of the solid–liquid interface. Basic
theories of dendritic growth in pure materials are best tested un-
der heat conduction controlled conditions, where the gravitational
acceleration is, in principle, reduced to zero, and convective heat
transport in the molten phase is eliminated.11¡14 IDGE is a basic
science experiment designed to provide terrestrial and micrograv-
ity data that measure the kinetics and morphology of dendritic so-
lidi� cation under pure heat conduction control. Before the advent
of IDGE in 1994, it was not possible to test quantitatively either
Ivantsov’s transport solution15 for the steady-statethermal � eld sur-
roundinga steady-statedendrite,or evaluatethe so-calledinterfacial
“stability constant” ¾ ¤ ¼ 0:02, as predicted from various physics
theories of the solid-liquid dendritic interface.2¡5 The IDGE � ew
three times as a primary payload on the USMP-2, -3, and -4 mis-
sions, in 1994,1996,and 1997,respectively,aboardthe space shuttle
Columbia. These � ightexperimentsprovidedthe � rst solid evidence
that Ivantsov’s heat-conductionsolution closely describes dendritic
growth for the test materials succinonitrile and pivalic acid (PVA).
These organic crystals offer three major experimental advantages
compared to metals: they are transparent,easily puri� ed to high lev-
els, and have conveniently low melting points. The onboard IDGE
instruments provided charge-coupled device images (telemetered
to Earth during the � ights), NASA-processed35-mm � lm negatives
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(available post� ight), and for the � rst time on USMP-4 near-real-
time streaming of video data telemetered to our laboratory via the
K-band (high-frequency) antenna on the shuttle. IDGE data in its
totality, as reported elsewhere, consisted of hundreds of repeated
experiments on steady-state dendritic growth. These data provide
benchmark quality crystal growth speed as well as tip radii mea-
sured as functions of the melt supercooling,1T .

C. Mushy Zones

Dendrites are the key microstructural components of mushy
zones. A mushy zone is de� ned as a � nely mixed two-phase re-
gion, consistingof a dendriticprimary solidphaseembeddedwithin
its melt phase. Mushy zones are known to be present in ingots,
castings, and welds, and are thought to play a role in the evolu-
tion of the Earth’s core and planetesimals. The mushy zone rep-
resents the “active” region in a solidifying body in which the mi-
crostructure forms and evolves. The dendritic structures that form
in mushy zones are often highly rami� ed, as a result of the growth
of multiple primary dendrites and the subsequent development of
secondary, tertiary, and even higher-order side branches. Conse-
quently the length scales for melt convection within mushy zones
are usually small, micron-sizedpockets of melt remaining between
dendrite arms. Under terrestrial conditions, to characterizea mushy
zone one must understand a number of complex processes. These
include conduction and convection of latent heat, solid-state dif-
fusion of solute segregated among the dendritic branches, limited
convective transport of solute in the melt, and capillary effects such
as remelting and phase coarsening.16;17 To simplify the behavior of
a melting mushy zone, we studied pure PVA (4-9’s purity) under
nearly gravity-free conditions. In a carefully controlled micrograv-
ity environment (g · 10¡6g0 , where g0 has the terrestrial value of
9:8 m/s2) the melting of a mushy zone in a pure substanceshould be
kineticallycontrolledby a conduction-limitedheat-transferprocess,
perhaps slightly modi� ed by capillarity.

Thermodynamically,a melting process is a � rst-orderphase tran-
sition (solid-to-liquid),where the melting coexistencecurve de� nes
a temperature-pressure relation for which the chemical potentials
of the components remain equal in the solid and melt. The entropy
of melting is almost always positive, the volume change on melting
is usually small and positive, and the melting point therefore nor-
mally increasesas pressure increases.The kineticsof melting, how-
ever, has previouslybeen studied in the presenceof relativelystrong
buoyancy-induced melt convection. Convection alters the thermal
� elds surroundingdendrites,and strong gravitationalsedimentation
also takes place because the solid and melt usually differ by a few
percent in their mass densities. Conduction-limited freezing and
melting processes in microgravity are of importance in both terres-
trial and planetary processes. For example, mushy-zone evolution
in castings and ingots, fusion welding, Earth’s core processes,18¡23

meteoritic and planetary genesis24¡26 all occur either where grav-
ity is absent, or where the mushy zone length scales for thermal
buoyancy are highly restricted and little convection occurs.

II. Analysis of IDGE Video Data
The freezing and melting data analyzed and reported here are

near-real-time 30-fps video downlinked from the third and � nal
IDGE microgravity experiments. The IDGE video database repre-
sents an uniquecompilationof scienti� c informationconcerningthe
kinetics of freezing/melting of PVA (face cubic centered) dendritic
crystals. Onboard video signals generated within the IDGE were
downlinkedvia the shuttle’s K-bandantennaand recordedby NASA
on 8-mm tapes using a high-resolutionVTR. The analog data were
transferred via coaxial cable to an image capture card using com-
mercial software (VideoSavant Cs ). Two hours of 30-fps, 640 £ 480,
255 grayscale images are captured on a single, large-image buffer
� le, accessed by VideoSavant. The image processor/compiler re-
quired approximately70 GB of hard drive memory. Once the image
buffer is viewed by software, we could export the digitized video at
the desired rate in the following � le types: .avi � les for illustration,
.tiff � les, or .jpeg � les for analysis.

Fig. 1 Video frames showing the progressive melting of a PVA den-
dritic mushy zone in microgravity. As the dendrites fragment, the indi-
vidual crystallites remain motionless in the melt. Video data analyzed
for the terminal melting of the needle crystal shown in the last panel.

Each IDGE experimental cycle consisted of the following � ve
stages, repeatedover and over as the space � ight continuedon orbit:

1) Begin with the PVA melt in a thermodynamically stable,
isothermal environment,with T ¸ Tm .

2) Reduce the thermostat temperature to cool the melt and estab-
lish to within §0:002 K isothermal conditions at a predetermined
supercooling so that T · Tm .

3) Nucleate the growth of dendritesby activatinga thermoelectric
cooler to chill a small isolated volume of the melt suf� ciently to
initiate crystal growth.

4) Photograph the emergence and steady-state crystal growth of
dendrites with still and 30-fps video cameras and form the mushy
zone, causing latent heat release and T ! Tm .

5) Raise the thermostat temperature to remelt the dendritic
mushy zone, thereby returning the system to a stable melt phase
T ¼ Tm C 1:8 K.
For each freezing/melting cycle, the video data (steps 4 and 5)
were exported as individual .tiff � les for every tenth frame. For
the last minute of melting, toward the end of step 5, where the
thermal � elds approach the stable melt temperature, approximately
1.8 K above Tm , individual .tiff � les were exported for every video
frame.

As melting begins, the tertiary dendritic side-arms begin to
shorten, and the larger secondary branches detach from the pri-
mary stem. Figure 1 shows several stages of the melting sequence.
In microgravity the individual crystalline elements of the mushy
zone remain completely motionless. We did not observe any sedi-
mentation of the fragments of denser solid. At the � nal stages the
remaining dendritic fragments present a large variety of shapes,
from nearly spherical blobs to elongated needle-like crystals, all of
which eventually melt away.

The mushy-zonemelting events recordedevery1/30th s as digital
frames provides, to our knowledge, the � rst data compilation of
convection-free melting over a signi� cant range of length scales,
from about 10¡2 m down to about 5 £ 10¡5 m. The large dynamic
range of these length scales allows a detailed kinetic analysis of the
convection-freemelting process.

III. Data Analysis—Image Processing
The shapes of the melting dendritic fragments, as analyzed from

the IDGE video data, were determined using commercial image
analysis software (ImagePro Cs 4.0). The fragments, particularly
toward the later stages of melting, are best described as prolate
spheroidal particles. Figure 2 shows the shape of a melting dendrite
stem outlined using this software tool. The equivalent ellipse of the
two-dimensional image of this fragment is calculated on the ba-
sis of its major axis C and minor axis A. The physical particles
are, of course, three-dimensional objects, approximated as prolate
spheroidsof decreasingsize.A prolatespheroidis an ellipsoidwhere
the two minoraxesare equal.Imageanalysispermittedmeasurement
of the major and minor axes of the equivalent ellipsoidal fragment
as a function of time. Sampling the C =A ratio over time towards
the end of the melting cycle shows that the values of the C =A ratio
for a particular fragment do not vary much. Figure 3 shows how
the C =A ratio changes with time. For the particular crystal mea-
sured, the C =A ratio varies from a starting value of about 11, rises
to a maximum of about 14, and decreases to a value of 10 with
about 95% of the crystal’s volume melted. Thus, the C =A ratio for
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Fig. 2 Sample digitized video frame used for image analysis of a melt-
ing dendritic fragment. The image analyzer provides the equivalent
ellipse for the fragment, allowing determination of its major axis length
C (t) and its C /A ratio.

Fig. 3 Aspect ratio of the melting crystal fragment vs time. Data de-
rived by image analysis of video frames of a dendritic PVA fragment
melting in microgravity. The volume-weighted average of the aspect
ratio for this crystal is C /A = 12.

the melting fragment can be approximated by its volume-weighted
average, which in this instance is h C =Ai D 12:0.

Quasi-static and moving boundary solutions are well known for
thegrowthofsphericalcrystalsforwhich C =A D 1 (Refs. 27 and28).
For the more general cases of ellipsoids and hyperboloids,moving
boundary solutions were developed by Ham.29 Moving boundary
solutions for ellipticalparaboloidsand paraboliccylinderswere de-
velopedbyHorvayandCahn.30 However,Ham’s similaritysolutions
for ellipsoids apply only to the case of crystal growth, for which,
curiously, they represent morphologically unstable mathematical
solutions31 (see also, Sekerka, R. F., personal communication,
Aug. 2002). Ham clearly states in his paper that the similarity trans-
formations used in his moving boundary solutions are inapplicable
to cases of ellipsoidal particle melting. Lacking an analytical mov-
ing boundary solution, we developed a quasi-static model for the
conduction melting of prolate spheroids, and subsequentlydemon-
strate that the melting kinetics, without convection, of needle-like
dendritic fragments is accuratelydescribed as a conduction-limited
process.

IV. Quasi-Static Theory
A. Potential Theoretic Formulation

The quasi-static melting or freezing of a crystal is based on de-
termining the heat current entering or leaving its static solid–melt
interface and then formulating kinematic equations for the crystal’s
shrinkage or growth. The rate of change of the particle’s volume
is assumed to occur slowly enough that the surrounding transport
� eld has suf� cient time to adjust to the changing particle. The ther-
mal transport � eld used only approximates the time-dependent so-
lution to the conduction equation as a quasi-static solution based
on Laplace’s equation. The key condition determining the appli-
cability of such approximations is that the Stefan number [de-
� ned in Eq. (2)]—the intensity measure for melting or freezing—is
small.

We � rst choose cylindricalcoordinates(r; z; ’) to describea pro-
late spheroidal crystal with major axis C and minor axis A. The
crystal’s major axis is aligned with the z axis. The plane z D 0 is the
equatorial plane that divides the crystal symmetrically, so that its
poles (r D 0) occur at z D § C =2. The axis-symmetric temperature
� eld T .r; z/ will be nondimensionalizedas a potential # de� ned as

#.r; z/ ´
T .r; z/ ¡ Tm

T1 ¡ Tm
(1)

where T1 is the temperature of the melt in� nitely far away from
the particle. The propensity and rate of melting (or freezing) is
determinedby the sign and magnitudeof the denominatorin Eq. (1).
A convenient dimensionless parameter based on that temperature
difference is the Stefan number de� ned here as

St ´
T1 ¡ Tm

1H f

¯
C p

`

(2)

where 1H f is the molar enthalpyof fusion and C p
` is the molar spe-

ci� c heat of the melt at constantpressure. It is convenient to express
the potential de� ned in Eq. (1) in an orthogonal, curvilinear coordi-
nate systemin which the effectof curvatureon Tm is neglected.Con-
sequently, the crystal–melt interface of the prolate spheroid is con-
sidered an isothermal coordinate surface labeled » D 4, for which
the potential is #.4/ D 0. Such a coordinate system .»; ´; ’/ is dis-
cussed by Morse and Feshbach,32 for which the metric coordinates
» and ´ are scaled to the interfocal length of the prolate spheroid
a D C =4 D A=

p
.42 ¡ 1/. These prolate spheroidalcoordinatesare

displayedin Fig. 4 as the ’ D 0 projection.In brief, heat � ow in three
dimensionsoccurs by conduction through the melt along the hyper-
boloidal surfaces´ D const. The isothermsof the resultant tempera-
ture � eld are concentric prolate ellipsoids » ¸ 4 D const surround-
ing a crystal–melt interface » D 4 that remains at the equilibrium
melting point.

Speci� cally, one can easily show that the Laplacian potential
surrounding a prolate spheroid with the � xed interfacial poten-
tial #.4/ D 0, embedded in a melt where the far-� eld potential
#.1/ D 1, can be expressed in these curvilinear coordinates as

#.»; ´/ D 1 ¡ log[.» C 1/=.» ¡ 1/]
log[.4 C 1/=.4 ¡ 1/]

(3)

The gradient � eld associated with the thermal potential given in
Eq. (3) is easily found by taking the partial derivative of the poten-
tial Eq. (3), #.»; ´/, with respect to » , and then dividing the result
by the » -coordinate scale factor h» D .a=2/

p
[.» 2 ¡ ´2/=.» 2 ¡ 1/].

Carrying out these mathematical operations yields the desired gra-
dient � eld at all points surrounding a prolate spheroidal crystal,
namely,

1
h»

@#.»; ´/

@»
D r#.»; ´/

D 2
a

r
» 2 ¡ 1

» 2 ¡ ´2

2

.» C 1/.» ¡ 1/

³
log

4 C 1

4 ¡ 1

´¡1

(4)
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Fig. 4 Prolate spheroidal coordinates (», ´, ’) on the ’ = 0 plane. The
solid–melt interface has the pro� le » = ¥, where its aspect ratio C /A =
¥/

p
(¥2 ¡ 1). The isotherms surrounding this crystal are surfaces of

the form » ¸̧ ¥ = const, and the heat � ow follows surfaces of the form
´ = const.

which can be simpli� ed to

r#.»; ´/ D .4=a/
©p

.» 2 ¡ 1/.» 2 ¡ ´2/ log[.4 C 1/=.4 ¡ 1/]
ª¡1

(5)

The relationship of the gradient � eld, Eq. (5), to the actual thermal
gradient in the melt can be found by differentiating Eq. (1) with
respect to » and againdividingthroughby the curvilinearcoordinate
scale factor h» ,

r#.r; z/ D
1
h»

@T .r; z/

@»

³
1

T1 ¡ Tm

´
(6)

Rescaling the potential gradient through the characteristic temper-
ature of the material 1H f =C p

` and substituting the de� nition of the
coordinate scale factor h» yields the thermal gradient in the melt at
any arbitrary point »; ´; ’.

1H f

C p
`

r#.»; ´/ D
1H f

C p
`

¢ 2
a

r
» 2 ¡ 1
» 2 ¡ ´2

¢ @T .r; z/

@»

³
1

T1 ¡ Tm

´

(7)

If the temperaturegradientsare evaluatedat the solid–melt interface
» D 4, then Eq. (7) can be written in the compact form

¡
1H f

¯
C p

`

¢
r#.4; ´/ D .1=St/rT4 (8)

where the de� nition of the Stefan number, Eq. (2), has been sub-
stituted into Eq. (7) and the symbol rT4 denotes the dimensional
thermal gradient in the melt evaluated at the crystal–melt interface.

B. Enthalpy Current

The enthalpy � ux J for thermal conductionthrough the melt nor-
mal to the crystal-melt interface can be found using Fourier’s law

J D ¡k`rT4, where k` is the thermal conductivityof the melt. The
gradient at the solid-melt interface, Eq. (8), can be substituted into
Fourier’s law to yield the thermal � ux

J D ¡k`

¡
1H f

¯
C p

`

¢
St ¢ r#.4; ´/ (9)

Inserting the expressionfor the potentialgradient,Eq. (5), evaluated
on the crystal-melt interface » D 4 into Eq. (9), gives the thermal
� ux normal to the solid–melt interface as

J D ¡k`

¡
1H f

¯
C p

`

¢
St ¢ .4=a/

¢
©p

.42 ¡ 1/.42 ¡ ´2/ log[.4 C 1/=.4 ¡ 1/]
ª¡1

(10)

The total energy current entering (or leaving) the “static” prolate
spheroid can be expressed as the integral of the � ux over its total
area S. Thus,

PQ tot D
I

J ¢ n dS (11)

where the differentialelement of crystal–melt interfacialarea on the
prolate spheroid » D 4 can be expressed in the curvilinear coordi-
nates as

dS D r.4; ´/ d¾ .4; ´/ d’ D r.4; ´/h´ d´ d’ (12)

wherer.4; ´/ D a=2
p

[.42 ¡ 1/.1 ¡ ´2/] is the radialdistancefrom
the major axis of the prolate spheroid to an arbitrary point ´ on
the crystal–melt interface; d¾ D h´ d´ is the differential of the
arc length; and the ´-coordinate scale factor needed to relate the
arc length ¾ along the interface expressed in curvilinear prolate
spheroidal coordinates is de� ned by Morse and Feshbach32 as
h´ ´ a=2

p
[.42 ¡ ´2/=.1 ¡ ´2/]. Substitutingthese transformations

into Eq. (12) yields the differential element of interfacial area on a
prolate spheroidal crystal:

dS D .a2=4/
p

.42 ¡ 1/.42 ¡ ´2/ d´ d’ (13)

Substituting Eq. (10) for the normal � ux vector and Eq. (13) for
the differential interfacial area into Eq. (11) yields the integral
expression

PQ tot D ¡
ak`1H f St

C p
`

³
log

4 C 1

4 ¡ 1

´¡1 Z 1

¡1

d´

Z 2¼

0

d’ (14)

where the integrationlimits on ´ (¡1 · ´ · 1) and on ’.0 · ’ · 2¼ )
correspond to integrating the total interfacial area from pole to pole
on the prolate spheroid » D 4. Carrying out the closed surface inte-
gration indicatedin Eq. (14) introducesthe expectedsphericalimage
4¼ and yields the total heat current enteringa prolate spheroid with
an interfocal length a,

PQ tot D ¡ 4¼

log[.4 C 1/=.4 ¡ 1/]

ak`1H f

C p
`

St (15)

C. Kinematic Energy Balance

Heat entering (or leaving) the prolate spheroidal crystal re-
sults in its shrinkage (or growth) caused by the corresponding
melting/freezingphase transformation.The time-dependentvolume
of a melting or freezing prolate spheroidal crystal can be expressed
conveniently,applying our notation, in terms of its time-dependent
major and minor axes through the formula33

V .t/ D .¼=6/A2.t/ C .t/ D .¼=6/.A=C /2 C 3.t/ (16)

where the time dependenceof the spheroid’s � xed aspect ratio C =A
is explicitly suppressed in the right-hand equality. In the case of
a sphere of diameter D, the aspect ratio C =A D 1, C D D, and the
familiar result obtains from Eq. (16).



GLICKSMAN, LUPULESCU, AND KOSS 73

If the crystalline spheroid melts (or freezes) and is subject to a
time rate of change of its volume, then the time rate of change of its
major-axis length is related kinematically to the volume derivative
as

PV .t/ D .¼=2/.A= C /2C2.t/ PC .t/ (17)

where the overdot notation indicates time differentiation.The rate
of enthalpy change associated with the volume change can be
expressed as

PHtot D .¼=2/.1H f =Ä/.A= C /2 C 2.t/ PC .t/ (18)

where Ä is the molar volume. This enthalpy expression ignores
the imperceptibleadvectionoccurring in the melt near the interface
causedby the small (¼3%) densitydifferencesof the phases.Coriell
and McFadden have shown that the effect of this advection on the
transportof energyto or fromthe interface,in the caseof steady-state
dendritic crystallization, is negligible for real materials.34 Recent
work by Karma and Plapp35 usingphase-� eld computationscon� rm
the � ndings by Coriell and McFadden.34

The kinematic energy balance under quasi-static conditions is
therefore PHtot D PQ tot. Equating Eq. (18) with Eq. (15) gives

¼

2

1H f

Ä

³
A
C

´2

C 2.t/ PC .t/ D ¡ 4¼

log[.4 C 1/=.4 ¡ 1/]

ak`1H f

C p
`

St

(19)

Equation (19) provides an O.D.E. describing the quasi-static evo-
lution of a prolate spheroidal crystal of constant aspect ratio and
interfocal length a surroundedby an in� nite superheated, or super-
cooled,melt at a Stefan number St. Equation (19) can be solved for
the measurablequantity C .t/ by 1) cancellingcommonterms;2) rec-
ognizing that k`Ä

¯
C p

`
´ ®`, where ®` is the thermal diffusivity of

the melt; 3) applying the transformationa D C =4; 4) separating the
dummy variables C and t 0; and 5) integrating between appropriate
time limits for melting t 0 D 0, C D C 0, and t 0 D t , C D C .t/.

After applying each of the steps just enumerated, one obtains

Z C .t/

C 0

C dC D ¡ 8

4 log[.4 C 1/=.4 ¡ 1/]

³
C
A

´2

®` St

Z t

0

dt 0

(20)

Carrying out the indicated integrations in Eq. (20) yields, after sev-
eral steps of algebra, the desired result:

C .t/ D

s

C 2
0 ¡

16®`St

4 log[.4 C 1/=.4 ¡ 1/]

³
C
A

´2

t (21)

Equation (21) can be nondimensionalizedas

C .t/= C 0 D
p

1 ¡ Kprol ¢ St ¢ Fo (22)

where the rate constant is de� ned as

Kprol ´ 16

4 log[.4 C 1/=.4 ¡ 1/]

³
C
A

´2

(23)

and the Fourier number (dimensionless time) is de� ned as

Fo ´
¡
®`

¯
C 2

0

¢
t (24)

It is convenient for experimental purposes to be able to relate Kprol

to the crystal’s C =A ratio. Equation (23) is cross plotted in Fig. 5
against the function C =A D 4=

p
.42 ¡ 1/. Aside from questions of

its temporalstability,Eq. (21)providesthe kineticlaw for the growth
.St · 0/ or melting .St ¸ 0/ of a prolate spheroidal crystal. The
morphological stability of melting and freezing prolate spheroids
will not be explored in this paper.

Fig. 5 Quasi-static rate constant Kprol vs the aspect ratio C /A.

V. Results
The crystal analyzed in microgravity formed originally as a part

of a dendriticmushy zone in the IDGE growth cycle4. The dendrites
grew from pure molten PVA supercooled 0.4 K. The mushy zone
consisted of approximately 4% dendritic solid when melting was
initiated.The time to melt this mushy zone completelywas approx-
imately 12 min. The last fragment to melt was the one selected for
analysis. (See again the last panel of Fig. 1.) This chosen dendrite
fragment (C0 D 0:76 cm) was the residual crystal from the melting
primary dendrite stem and exhibited a nearly constant aspect ratio
C =A »D 12 throughout its � nal 40-s melting sequence. To calculate
the meltingkineticsof thisdendriticfragment,onemust know, in ad-
ditionto the C =A ratio, the thermaldiffusivityand theStefannumber
of the melt. The thermistors arranged within the IDGE thermostat
were optimized for measuring the supercooling prior to dendritic
growth quite precisely (§0:002 K). Unfortunately, the subsequent
temperature history within the growth chamber, especially during
the melting portion of an experimental growth cycle, is less certain.
In view of this situation, one can adopt a self-consistentmethod of
estimating the Stefan number in the melt during the last 40 s of the
videomelting sequence.The basis of the value of the self-consistent
Stefan number is the observed extinction time of the fragment, t †.
The extinction time (in this instance 40 s) is the interval needed for
the melting crystal to disappear. If the left-hand side of Eq. (21)
is set equal to zero, a relationship can be established among the
Stefan number, the starting size of the crystal C0 D 0:76 cm, and the
crystal’s extinction time t † D 40 s, namely,

St† D C2
0

¯
.®` ¢ Kprol/ ¢ 1=t † (25)

The extinctiontime canbemeasuredpreciselyto within onevideo
frame (§0:033 s), and the thermal diffusivity of molten PVA at its
melting point is known to be ®` D 7:0 £ 10¡4 cm2/s (Ref. 14). In-
serting these values and Kprol D 360:6 (see Fig. 5) into Eq. (25)
yields the self-consistentStefan number based on extinctiontime of
St† D 0:057. The crystal melting data reported in Fig. 6 were � t in
their entirety using this self-consistentStefan number, which corre-
sponds to the melt being superheated 0.63 K above its equilibrium
melting point Tm D 35:97 K. The overall prediction of the melting
kinetics throughoutthe lifetime of this dendrite fragment appears to
be in agreement with the quasi-static theory developed in Sec. IV.
Scrutiny of the data points shows that there are slight disparities
over the melting interval. Particularly as the extinction time is ap-
proached, some capillary effects might enter the kinetics and speed
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Fig. 6 Melting kinetics of a dendritic PVA crystal fragment ( C /A =
12) in microgravity. s , melting data obtained through digital analysis of
30-fps video measured as C (t) vs time; ——, the theoretical prediction
from Eq. (21) � tted with a Stefan number equal to 0.057, corresponding
to a temperature rise of 0.63 K abovePVA’s melting point Tm = 35.97 K.

Fig. 7 Melt Stefan number vs time for experimental IDGE cycle with
initial supercooling of 0.4 K. The location via direct time synchroniza-
tion of the dendritic melting interval cannot be placed precisely on the
time axis. The completion of the mushy-zone melting process should,
however, correspond approximately with the steepest rate of tempera-
ture rise within the IDGE growth chamber. The continuous line through
the data is based on a sixth-order polynomial, and the vertical line at
720 s marks the steepest rate of Stefan number increase.

up the melting beyond that calculated by quasi-static theory. These
are clearly minor effects, and they will be explored in future studies.

Thermal data telemetered from the IDGE thermostat indicate in-
dependentlythat the maximumStefan number recordedby the high-
resolution thermistors internal to the growth chamber at the end of
this experimental cycle was about 0.16. See Fig. 7 for these data
plotted as Stefan number vs time. Melting of the last dendritic frag-
ments clearly occurred at Stefan numbers much less than 0.16, but
the precise range of values over which the observed crystal melted
remains imperfectlyknown, pendingcloser correlationbetween the
video clock and mission elapsed time. An alternative to obtaining
direct thermalmeasurementsis to recognizethat the rateof tempera-
ture increasein the growth chamberdependedon two countervailing
factors: 1) the temperature difference between the exterior thermo-

Fig. 8 Time derivative of the melt Stefan number vs time. The con-
tinuous curve is based on the derivative of the sixth-order polynomial
in Fig. 7. The maximum occurs at 720 s, where the Stefan number is
approximately St »=»= 0:055. See again Fig. 7.

stat temperature(� xed at 37.85±C) and the interiormelt temperature
and 2) the quantity of crystals within the chamber absorbing latent
heat. When melting of the mushy zone begins, the temperature dif-
ference is large, approximately 1.8 K, and the chamber contains
about 4% crystals.The rate of temperature rise is, however, initially
slow, because most of the heat added is absorbed as the latent heat
of melting. As the dendrites melt and their mass decreases, the la-
tent heat absorption rate also decreases, and the rate of temperature
rise increases.The rate of temperature rise within the IDGE growth
chamber should reach its maximum value at about the time at which
the last crystals disappear, that is, at the time when our detailed
melting data were taken. It is at that point where all latent heat ab-
sorption ceases within the chamber, yet the temperature difference
between the interior and the exterior is still relatively large (about
1.2 K in this case). We emphasize that this heating rate-time corre-
lation is only approximate. Nonetheless, when the time derivative
of the Stefan number vs time is calculated (see Fig. 8), a distinct
peak occurs at t D 720 s from the start of mushy-zonemelting. The
time at which the peak rate occurs corresponds to a Stefan number
of approximately 0.055. During the 40 s for the melting sequence
of the prolate spheroid we selected, the value of the maximum time
derivativeof theStefannumberis foundto bedSt=dt »D 2 £ 10¡4 s¡1.
Thus, the change of Stefan numbers during the 40-s observationpe-
riod is ¼0:008. An estimate of the average Stefan number using the
IDGE thermal data is 0:055 § 0:004—in agreement with the self-
consistent Stefan number .St † D 0:057/ determined from Eq. (25)
by using the crystal’s extinction time.

Possible melting behaviors for prolate spheroidal crystals with
C =A D 12, subjected to different Stefan numbers, are shown for
comparison in Fig. 9. These curves are predicted using Eq. (21) and
the indicatedStefannumbers,which were selectedto cover the range
of values encountered during the entire melting portion of the ex-
perimental cycle. Note that the melting kinetic curves for C =A D 12
change substantiallywith only modest variations in the Stefan num-
ber.As theaspectratioofa crystaldecreasestowardsunity, its kinetic
melting coef� cient rapidly falls toward eight, the limiting value for
spheres.Sphericalcrystals having a diameter D D C would exhibit a
volume 144 times greater than the prolate spheroid, with an extinc-
tion time about 45 times longer than the prolate spheroidal fragment
analyzed in Fig. 6. Extinction times for melting are rather sensitive
to a crystal’s aspect ratio.
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Fig. 9 Major axis length scaled to initial major axis length C (t)/C 0 vs melting time, predicted by Eq. (21) for C /A = 12. These curves show the
sensitivity of the melting kinetics for needle-like crystal fragments to the value selected for the Stefan number.

VI. Conclusions
1)Dendriticmushyzoneswere formedin supercooledhigh-purity

PVA melts in microgravity on the third IDGE space � ight experi-
ment. At the end of each experimental cycle, the mushy zone was
progressively melted by raising the temperature of the thermostat.
Video data at 30 fps of the melting process for one cycle (0.4 K
supercooling) are reported here. Upon raising the temperature, the
mushy zone melts into numerous fragments, many of which can be
characterizedas prolate spheroids.

2) Individual dendritic fragments remain motionless in the low-
gravity environment, progressively melting toward extinction at
nearly constant C =A ratios.

3) Moving boundary solutions, such as those proposed by Ham
for ellipsoidal crystals, are not applicable to melting processes. In
lieu of a numerical solution to the moving boundary problem, we
developed a quasi-static analytic theory, using curvilinear coordi-
nates. The theory describes the kinetics of conduction melting of
prolate spheroids of arbitrary C =A ratios. The quasi-static analytic
results are limited to small Stefan numbers (St ¿ 1).

4) The observed melting kinetics in microgravity of a prolate
spheroidal crystal with an aspect ratio C =A D 12 was found to be
described accurately by the quasi-static analysis. Predictions of the
crystal size as a function of time require knowledge of the Ste-
fan number, the melt’s thermal diffusivity, and a kinetic parameter
derived from the theory that accounts for the crystal’s aspect ratio.

5) The Stefan number for this work was found from the extinc-
tion time of the crystal. Temperaturedata telemetered directly from
the orbiting IDGE thermostat yield a Stefan number in good agree-
ment with the value derived from the extinction time of the prolate
spheroid analyzed. The predicted convection-freemelting kinetics
accurately describe the experimental observations in microgravity.

6) Future work will be directed at obtaining a direct precision
measurement of the Stefan numbers using in situ thermometry and
exploring the in� uencesof the initial supercoolingthat affectmushy
zone morphologyand density. In addition, small disparities discov-
ered between the microgravitymelting data and quasi-static theory,
perhaps caused by ignoring capillary effects, will be the subject of
future enquiry.
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