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" Abstract

A néﬁ'method for sepafating and chéractefizing solid particulate
matter in air pollution sampleé.is described. The method utilizes |
the phenomenon of velocity-selective freeze-displacement of particulate
matter during controlled solidification ofvorganic‘liquids to
selectively éeparate particles by differénCes in‘their interfacial
physical properties."The theoretiéal basis of this phenomenon is
discussedrwith respect to f#ctors enhancing‘the efficiency of
particle separation by this technique. A new analytical charaéterization
method, freeze—displacément zone chromatography, is described.
Experimental data for the freeze displacement of mineral particles
are examined and conditions determined for optimum separation by

freeze-displacement zone chromatography.
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Introduction

.The increasing puﬁlié concern for enVifonmeptél pollution has
led to>intensive research on pollution monitoring an&"charécterizatibn
methods. Problems associated witﬁ particulate pollutants in afmosphere
are.many; Procedures for-thé identification of specific compounds
contributing to air pollution are largely tedious aﬁd exﬁensive; The
development of new, inexpensive and operationally simple methods for
identifying the chemical composition and physicalﬂstate in which
aif pollutahts occur,is‘of paramount importance, as these properties
relate to particulate toxicity, retention within the lung, visability
and-to.the modification of weather through'cldud nucleétién.(l_B)
Much current research has been applied to the determination and
analysis‘of pérticlé size of airborme particulate matter in air
pollution samples.(4) The measufgment of thg distriﬁution of chemically
disparate components in air pollution samples has received relatively
little attention becauseVOf the compléxity of the problém.
| In this paper, an.analytical technique for separating solid
particulate matter on the baSis of surface properties is presented.
The method utilizés the phenomenon of velocity—selective‘freeze
pushing of partiuclate matter by a solid-liquid interface during
controlled solidification. The method of zone chromatographic freezing
uﬁilized in this analytical technique is described and tested

experimentally. The method is applied to determine the freeze-displacement

and degree of particulate separation of mineral particles.
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Sources of Particulate Pollutants

The sampling of particulate matter from air pollution sources

- is basedvprimarily on filtration methods‘which:detect solid particles
ihy capture_on'porous filters. - The size'range of the particles depends
on the porosity of the filter; The mass of{particles collected .

is easilv measured by a number of'techniques;hbut the phase'identifif.'
cation, chemical composition and size distrihution of the particles
require complex laboratory'methods uSually‘involving expensive and
complicated equipment. vThus, a'need exists for relatively simple-
separation techniques which are sensitive to the chemical and physical
properties of a heterogeneous particulate sample. From Table I, which
summarizes the major pollutant sources of particulate matter, it can
be appreciated that such separation techniques must be applicable to

a wide.range of particulatevmaterials.

A principle function of air pollution.control technology'is the
monitoring and collection of particulate matter from particulate
pollution sources. Sampling methods may be divided into two functional
groups : (i) those which capture and collect the sample in sufficient
bulk for convenient transport to the analytical laboratory, and (ii) -
those instruments which duringrcollection bring: about an initial
_ separation or classification which'simplifies subsequent analytical
evaluation. The analytical technique described 1in this paper falls
into the second group, in that separation of particles is based on
surface properties rather than on size, but the method can be extended

to coverdboth functions. In addition, alternately, samples collected



Table I

Major Pollutant Sources of Particulate Matter

Chemical Process Industries

Carbon black

Charcoal v v .
Explosives (TNT and nitrocellulosé)
Paint and vafnish manufacturing
Plasfics manufacturing

Printing ink manufacturing

Sodium carbonate
Food and Agricultural Industries

Alfalfa dehydration

Coffee roasting

Cotton grinding _

Feed and graiﬁ processing

Fertilizer pfocessing and distribution
Meat smokehouse operation

Starch manuﬁacturingr

Sugér_cane processing
Metallufgical Industries

Primary metalé
' Aluminum ore reduction
Coke manufacturing
Copper and leadnsmeiling
‘Ferroué alloy production
Iron and steel milling
Zinc refining
Secondary metals
Aluminum processing
Bronze, brass, lead, and magnesium smelting

Ferrous alloy processing
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Iablé I (continued)

" tStee1 and cast iron foundary operation
Zinc processing 1
Mineral Products In&ustries
Asphalt rbofing"

,Asphélt and concretevprepéfation‘.

: Brick, ceramics,  and clay producté manufaéture ’
Caicium carbide processing o
Cement making
Clay, and fly ash sintering
Coal cleaning
Fiberglass manufacture
Glass and frit manufacture
Gypsum and iime manufacture
~Mineral wool manufactufe

_ Phosphate-rock preparatidn
RéfraCtory casting

Rock, gravel and saherUarryihg
Petrochemical Industries

Petrochemical manufacture

:Petfbleum refining
Power Industries |
: Stea@.électric power.stations
Waste Dié?oéal Industries |
Muﬁicipél‘incinefators
Wood Indgstries

Fibreboard manufacture
Forest products manufacture
Paperboard manufacture

Saw mill operation
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by a method from the first group can be subjected to the freeze-

displacement separation process.

Theory of Freeze—Displacemepf of Particles
The phenomenon of the displacement of solid ﬁarticles in a
liquiq by the motion of a solid—liquid interface has been known for
(5,6) From eJcberimental st;ud.ieé“) it is kqown that a
criticél maximum freezing velocity.exists for sustaining this effeqt,
for each type of particﬁlate matter suspended in the sOlidifying

host liquid. At freezing rates beidw the critical freezing velocity,

the particles are rejected by the solid-liquid interface and retained

in the liquid phase. At velocities above the critical velocity,

the particles are partially trapped in the solid, with the entrapment
probability increasing with the freezing rate..

The distribution of particle density between the solid. and
liquid phases in the vicinity of solid-1liquid interface &epends on
the interfacial properties of the suspended particulate matter .
fel&tive to'ghe suspehSion medium, és well as on the freezing rate.
At a constant freezing rate of an‘appropriate,jlow—melting inorganic -

or organic host medium,'the fraction of suspended particles displaced .

"by. the freezing interface can be shown from theoretical grounds to

be different for different particulate materials. Therefore, the
freezing conditions and the host phase can be chosen to produce a
difference in separation factors for particulate materials with

different surface properties. There is thus a theoretical basis for



a noveleeparation device for use in separating and chafacteriziﬁg_
particulaté mix;ures:'suspending them in an'appropriate host medium
and difecfionally freezing this medium at a raté'where'different‘
particgiate materials have different entrapment'btobabilities.'.In
order to détérmine'the separation factors achieVablé by.thié method,
it is;iﬁportant to review the théoretical bases for the diéplaéement
of particles by a solidifying interface. |

| The particle freeze-displacement~process'is éttributable_;o thé
surface tension and electrostatic forces_exegped>by the crystal
interféce-én the particle during crysﬁallizatidn;‘ When a particle
is in intiﬁate contact w%th the crystal surféce, én‘émd@htvof wdrk
is reQuired to separate the particle from thé‘sblid—liquid’interface.
of thé_solidifying fluid and to produce the ihéfeased solid—iiquid
and particle—liquid interfacial éteaé, whileléhé original particle-
solid‘i#férfacial area decreases.

'If‘thg interfacial energy'between éolid.apd particle; QSP.’

"~ 1is greatgf_than the sum of the solid-1iquid inte;facial energy,
GSR s and:the particle-liquid'interfacial exller'gy,.voplQ ,.i.e.,
csp > Csl-+.0p2 , then the crystal will displace:thevparticle into
the liquid by interfacial tension forces. On the pther hand, when
OSP < OSZ'+_OPZ the particle'simply adheres to the crystal, aqd
continued freezing entraps the particle. The magnitudes of interfacial

energies therefore provide a basis for predicting whether or not it

is possible for the growing crystal to push the external particle.
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A theory-deVeloped by Uhlmann, Chalmers and Jackson(s)'foi‘

 assessing thevfo:ce'exerted by a crystallizing interface on a solid

particle ié-based on an aséumption of short*range particle-interface
repulsion- due to the differencés in interfacial energies. This
effect is EOmbihed under dynamic cohditioné with-the force required
to drive iiquid into the contact region bethen the crysfal and the
particlé.adjacent"to thévsolid-liquid interfacé."The relation between
these processes is assumed to be a function_of particle surface
roughnesé; However, this theorybpredicts no difference in the
particle—pushing force exeftéd by different thé sdlid—liqﬁid inter-
face on different types of parﬁicles as long as their sizes are tHe
same. | | |
Bolling and-Cisse(7’§) combined f1u1d4flow, viscous drag and
diffusion effects to modify‘the basié fheofy. They also.considefed
the effect of solid*liquidkintEtfacialvcurvature produced by the
interaction between the particle and the interface, to derive
theoretical relations fof the Critic#l’velocity. When the basic
theory was treated in more detail to include the effects of particle
roughness, gravity and thermal»conductivities,Itheir experimenﬁal
results were fouﬁd'to support very well the modified theory. ﬁowevet;
the‘gssumption that there is prefefential wetting of some tyﬁes of

particleé by the solid interface is still obscure. _It'is believed

‘that in order to understand and predict the discriminatory pushing

of the particles, all the forces acting on the particles by the

solid-1liquid interface, such as surface energies, viscous drag,



eleétfostétic forces and gxternal forces have to be taken into
consideration.

The»éfitical velocity for particle trapping by the freezing
'_interfaée-can be calculated by équating the‘liduid—phase diffusion
force; pf03qced by liquid flow intd the contaéf.région, to ﬁhe
gradient in_differential interfaciai energy Viph respect ﬁo the
distahée of particle separation from the interface. For an atomically
smooth paréicle and a planar freézing interfacé, the critical ?elocity

is then
@9

- This théore;ical‘expression is SOmeyhat unsa;isfag;ory; however, -
because anbmalously high diffusion coeffiéients ;re needed to give
satisfactory ekperimental'agréemént with the £heory. If the interface
is‘assumed'to.be indented_in the vicinity df tﬁe partiélé, then #he‘

_ interfégiél area of éontact is increased, és ié ﬁhe force gradient,
and agreement of theory and éxperiment is improved. -Also, if the
‘particle is atomicaily rough, thevchannel ﬁi&fh»for diffﬁsion is
increased, é1so leading to improved agreement.

It ié possible that electrostagic fofces between the host
liquid-solid intgfface and the suspended’particuiate phaserére more
significant'than'the crystallizatibn force. - Thé electrical doubie
layer fpfcé is well known in sucﬁ selective separation processes as

foam fractionation and floatation. It is also possible to introduce
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an electrostatic force by passing a current along the direction of
freezing to induce an electrophoretic effect which could aid in

selective separation by the freeze displacement process.

Pafticulafe_Distribdtidn'Coefficients for Freezee?ushing

A pafticulate distribution coefficieht for suspendeo»particles
vof solid phase i, k: , can be defined as the ratio of the particulate
concentration in the solidified solid to(that in the liquid phases
near thexsolid-liqoid interface, duriog solidification of an
appropriate, low—melting host liquid. If all the particles of a
given solid phase are displaced by the interface, then the particulate
distributioo coefficient is equal to zero, whereas if all are entrapped,
the parficulate distribution coefficient is equal to unity. The
particulate distribution coefficient is freeziog—velocity dependent
and fundamentally differenc from the chemical distribution coefficient
which‘descfibes the ratio of solubilities in the solid and liquid
phases. This means for defining the distribution coefficient for .
particulate freeze-pushing is'exceptionally useful in the assesshent
of the efficiency of a given particle separation process using

particulate freeze¥pushing.

Particle Separation by Zone Chromatography
Because the freeze-displacement phenomenon is very semsitive to
the properties of the interface between the particulate matter and

the liquid or solid phase of the.separation medium, the physical
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distripntion coefficients has a specific value:for a given particulate
material and separation medium. This fact suggests a chromatographlc
method for applying the- freeze-displacement phenomenon to particulate
separatiqn; In this method of separation, the particulate pollution
sample should be initially concentrated.et the freeéing interfaCer
Since‘those_particlee with small distribution ccefficients tend to
~be pushed farther by the freezing interface Before entrapment in
the'solid, the different materials can be identified from the éverage
diétance'tnose particles are displaced by directidnal'freezing B

If there is a finite difference between phy51cal dlstributlon
coefficients for different types of particles, then velocity—dependent
freezing can'bring abqut separation Qf.component particles. ' The
efficiency of separation will depend on facters snch.as particulate
conCentration, the particle interfacial propertiee‘and the interactione
~ among the.particles in the liquid medium. ln the-following development
the hoet medium is assumed an organic conpound, and all particle
entrapment processee'are assumed to contribute-to:the particulate
distributidn coefficient.

COnsider an infinite cqlumn of solid extending in the x-direction
from x'é;—w to x % +0 ., The differential eqnation.determining
‘the distribution of solnte in the solid after ntn paés of a solidifying

interface is

| de (%) . - ' :
(-%)(-——f;—x——) te ® =c x+2 (2)
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where k is the particulate distribution coefficient and % 1is the
liquid zone length. Using the assumption that the initial distri-.
bution of particle is a delta function centered at. x = £ , Reiss.

- (9)

and Helfand have solved this equatioh by using Fourier Transforms

and obtained,

e )] e [ ) @

Equation 3'1s a modified Poisson distribﬁtion function.

An apéroximate criterion for the zone—cﬁromatographic separation
of twb components by zone melﬁing haé been devéloped by Pfann.<lo)
This criterion can be éxténded to freeze—displagemeht zohe‘chromatoéraphy
by<introducing ﬁhé particuiate distrib;tibn coefficient. If the
tﬁo phases»have particulate distributiOn coefficients k; and - k; s

respectively, then the number of'zone passes fequired for resolution

of two particulate phases is given by
n=[m+1] ’, &)

where

[% %k
1+ kZ/kl '
m= j— .

1 - \/kzlkI

Thus, the number of zone-passes required to bring about a given degree

of separation depends only on the ratio of distribution coefficient.
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The estimation of the length of column required to separate

two types of particles is given by -
. - _ y
A S | - (s)

where £ 1is the zone length. The time required for a given separation

can be expressed as

. | . ‘
* + - d -

t = L (nv 1) , - (6)
where :V_iis the freezing velocity and d is a separation'constant.
These eqhations can be used to deduce the conditions required for

particle separation3by'ffeeze—displacement zone'chrométography.

Comparison with‘ExperimentaL~D5§a '
Thére is limited experimental data in the literatﬁre on the
basié of'ﬁhich the critical veloci;y for the freeze-displacement
process;ﬁnd;the pérticle distribution coefficiept for freeze-

(6) investigated the effect

displacement éan be determined. Corte
of the freezing velocity and.the.particle size dependence on particle
displademeht by an ice-water interface, for partiﬁies of caicite,
rutile, shaie and quartz in the size range of 149 to 590 um. The
fraction of<particles retained in the liquid phaég by displécement

of the freezing interface was measured at different freezing rates

in the vertical direction. In this study the freezing rates were
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in the range from 10—5 to 10-4 cm/sec in order to prevent
.decomposition of the wa;er—ice interface. |

The data on the particle fraction pushed by'the freezing
intgrface moving at a glven velocity canbbe éonverted to data on
distribugion coefficients for freeze—displacement; k* , by
normalizing particle concentrations in the solid with respect to
the Qoﬁcentration of ﬁgrticles gt*the freezing interface; " The
reduced data is shown as a fuﬁction of freezing rate in Fig. 1. This
figure shows that the distribution coefficients are significantly
different for the four minerals studied, for freezing rates within a
relatively widé ranée of values. Those materials which exhibit a
small physical.disfribution coefficient tend to be ﬁushed farther
by the freeéing'interface before trapping within the solid.

Utilizihg the particle dis;ribution coefficients defermined
fét"calcite, rutile, slate and quartz, it is now.possibleAto apply
the results shown above for zone chromatographic separation.to
determine the‘number of zone passes required for.effective phase
separation at a given freezing velocity. Thé results of the
application of the.zpne ;hromatogfaphic separ;tibn technique to the:
separation of the minerals shown in Fig. 1 was explored at different

-

freezing velocities and zone passés.f The results are shown in

> | 8x10™° and

Figs. 2, 3 and 4 for freezing velocities of 5x10°
1.2X10_4-1cm/sec ,'respectively. Less than twenty zone passes are

required to resolve the seﬁaration'of the different minerals at the.

lowest velocity, while a larger number of zone passes is required at
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Figure 1. Variation of the particulate distribution coefficient
on the freezing velocity of water fOr-powderéd calcite,

" rutile, slate and quaitz.
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Figure 2. Zone chromatographic separation of
' (A) calcite with k = 0.79, (B) rutile with k = 0.53,
(C) slate with k = 0.45 and (D) quartz with k = 0,23,

at 5><]‘.0_5 cm/sec. The number of zone passes is (a) 20,
and (b) 50.
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Zone_chrométographic separation of
* . *
(A) calcite with k = 0.93, (B) rutile with k = 0.81,
* *
(C) slate with k = 0.68 and (D) quartz with k = 0.51,"

at 8><10--S cm/sec. The number of zone passes is (a) 20,

and (b) 100.
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Figure 4. Zone chromatographic separation of
(A) calcite with k =.1.0, (B) rutile with k = 0 98,
(C) slate with k = 0.86, and (D) quartz with k = 0.75,

at 1.2x10 -4 cm/sec. The number of zone passes is (a) 20,
and (b) 180.
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the higher velocities. These results show that a minimum separation
time is required at a freezing veiocity of 8X10—S cm/sec . At this
freezing velocity the distributioﬁ coefficienﬁs for the differént
components have the most widely Separatea values.

To further test freeze-displacement zone chromatography as a
characterization method, several particulate minerals were studied
using thymol as a host'material.v In one series of experiments,
graphite powder having a chemical purity of >99,99% and a particle
- size distribution ranging from 0.3 to 10 um was mixed in liquid ﬁhymol
(melting point, 49.5°C) to form a 20wt% mixture. This samﬁle was
solidified at the end of a cylindrical pyrex tube, of length 45 cm and
1 cm internal diameter, containing solid, purified thymol. -This v
experimental arrangement is shown in Fig. 5. The tube was then
subjected to freeze-displacement zone-chromatography at different
freezing rates. For a freezingvvelocity of 1.0_'><10_4 cm/sec , the
graphite powdef was displaced a distance of 35 cm -after seven zone
passes. A small dependence of the freeie-displacement distance on
particle size was found, with smaller pagticles tending té be displaced
~ through larger distances. |

In anothér series of experiments, freeze-displacement zéne—
chromatographic separation of a mixture of powders was studied. For
example, a mixture of iron oxide and graphite powders wés found to be
easlly separated by a limited number of zone passes into clearly defined
colored bands along the column. The red iron oxide was concentrated

in a band near the source end of the column, while the graphite powder
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' was concentrated in a band further from the source end. The experi-
mental method was very effective in separating dissimilar particulate

- materials.

_. Air-Bofné.Earficle'Sampiihg,:

Ait?borne parficle sampling.methéds compatébié Qith‘the-ffeeze—
displacemént'zone chromatographic Process were e%amined for application
to air pollﬁtion monitoring.

Méthéds for the classification of particuiéte matter gnd the
determinétion of particle size'distributions Have been adequaﬁely :

(4) The sampling of air-borne particles

reviewed.by Silverman, e; al.
in the éize range near l.um‘ can be achieVed By a variety of methods:
filtration;‘eleétrbstatic deposition, condensatioh; precipitation -
and imfiﬁgement._‘Manf'of these ﬁethods have limitations as to
cépital Orﬁﬁaintenance coSf,‘and léayé the éoliéctgd_material‘in a
étate which does not permit direct use ih the fréeée—displaéement
apparaﬁﬁs.‘f. | |

A modification of the filtration method waéifound to yield thg-
highes; coﬁpatability with the.freéze;displacémen; éone chroﬁatographic
method. ﬁsing vapor-liquid contécting methods;‘such as sparging
the air-fﬁ;qugh the host liquid held at a temperature above the
meltinglpoiﬁt, air-borne particles couldvbe collected to produce é
suspenéiOniin the host liquid. ‘This'liquid'could then be solidifiedb

for tramsport to the freeze-displacement apparatus.
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Potential Contributions to Atmospheric Chemistry

The critical velocity aﬁd the pafticulate‘distribution coefficience
f6r>the freeze4displacement ﬁrocess are highly sensitive td the
p;operties of the interface bet&een tﬁe particulate solid-and'the
host material'which is tb be directionally solidified. The interfécial
properties of a givgn parﬁicuiate material are expected to be
inflﬁenced by the chemical ;ompoﬁehts found in pollﬁted air which
can themisbrb on the surfaces of air-borne particulate Solids;

The surface cbncentration aﬁd type of chemisorbed component would
thus change the critical velocity for freeze-displacémentvand'also
the displacement 1eﬁgth undervcondifions of zone-chromatographic
freezing. Consequently, the zone-chromatographic freezing process
is potentially useful as a characterization technique in the study
of atmosphefic chémistry.

The presence of chemisorbed sbeéieé on particulates can cause

shifts in the freeze~-displacement distance prodﬁced by n zone passes

at a fixed freezing velocity. Since a particular chemisorbed

species wiil prodﬁce a specified displacement distance, specifié species
can be identified from the shifts in displaceﬁent diétances they
produce felative to a chemisorption free particulate phase. For the
success of this characterization, it is nécessary that particle size
effeéts be absent and that ﬁhe contributions of specific chemisorbed
species to changes in intérfacial properties be non-interacting. Aléo,»
it ié necessary that the host material is sdfficiently inert that-

the chemisorbed species do not dissolve in them.
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It ié importanﬁ to point out the fact thet the characterization
of a‘SPecifie particulate material or of a chemisorbed species oﬁ a
particqiate material does not lead to a uniqﬁe identification‘of Ehe
particeiafe phase Qrvthe chemieorbed Species; ngthef, the freeze-
displacement propertiesvof a given pagficUlateehaterial provides a
measure of shifte_in interfaciel'teneien and other propefties of the
partieulate - host 11@&1& - solid interface}: Thﬁe, the zone-
chfomatogfaphic f;eezing process is primarily ueeful as a practical,
inexpensiVe.method of primary charecterization,ﬂreﬁher than.as_a
definitive; quantitative analytical technique. 'Nevertheless,'the
particelaﬁevfractiods eeperated-into distinct -bands by the zone-
chromatographic freezing process_could be sepereted'by filtration

and drying, then further characterized by other analytical methods.

Discussion
vThegQarticle3freeZe;pUShiné pheeemenonvis effective in separating

pafticulate components. - To carry eut analyticeivcharactefization by
this ﬁethod, the particulaee metter in air pollution saﬁples is |
~first scrubbed'by an organic medium,andesubsequenfiy subjected to
freeee—displacement zone ehromatography, with the euspended particles
initially concentrated at.one end of a column of éure organic selid.
This method requires a low melting host liquid whieh freezes with a
planar ih;erface, and which is chemically inert with respect eo the
particulate phese.._For a given air pollution semple,'ae appropriate,

low melting liquid must be found which will affect separation of the

components by freeze~displacement.
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The degree of efficiency of displacement by freeze-pushing
depends én the partiéule distribution coefficients and on the -
operation conditions. Since the freeziﬁg interface is the displacement
force which affects the separation, many mqlten éones could be

'reqﬁired to achieve a gi§én spatial separation. It is expedient to
design the zone chromatographic apparatus so that molten zones move
simultaneously, thereby reducing the fimé required for the separation
process.

' The displacement length produced by freeze-displacement at a
specific freezing velocity can be utilized to characterize different
particulate materials in air pollution samples‘érovided that the
distribution coefficient is knoﬁn or measured. Because zone chromatography

tends to separate the sample into bands of materials with distinct
- distribution ;oéfficients, the disﬁlacement distance L* can be
easily standardizéd for identifiable particulate materials.

' Particle distribution coefficients wére found to be.easily'
determined expe:imentally. Also, the zone chrémotograph theory can
qualitatively and'semi—quantatively éredict the particle separation
on the bésislof measured distribution coefficients. This analytical
method should be very useful in sampling and characterizing air—borne‘
.particulate'matter iﬁ'air pollution sample. Additional fﬁndamental
research is needed, ho&ever, fpr better understandiﬁg of the
discriminaﬁion ofkthevfreeze-displacemeﬁt procéss to particle siées
" below 1 .um , and for.the determination of the sepsitivity of the

method to important particulate air pollutants in actual fixed-source
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or émbient-air concentrations. Additional work is also needed for
implementing equipment for the sampling and ‘rapid analytical determination
of particulate components in air pollution samples s0 as to provide

direct, analytical'benefits to air pollution monitoring.
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List of Symbols

molecular diameter of the liquid phase, cm

particle concentration, cmm3

_particlé concentration after n .passes, cm_3
self diffusion coefficient of the liqﬁid phase, cmz/sec
zone chromatographic separation constant |
Boltzmann constant

’physical distribution coefficient
liquid zone length, cm
latent heat of fusion,: ergs/cm3
length of column required for separation, cm

. separation constant
'ﬁarticle radius
separation time
freezing velécity, cm/sec
initial freezing vélocity, 'cﬁ/sec
atomic volume of the liquid phase, cm3

distancé along the freezing direction, cm
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any 1ega1 liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.




—~— [
a

- TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





