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ABSTRACT

When vaporization occurs in the presence of a
temperature gradient in the boundary layer, homogeneous
nucleation and condensation of droplets may occur. This

.process is studied theoretlcally in a rotating disk flow

system for iron vaporizing into an atmosphere of cold
argon. The usual boundary layer conservation equations

are provided with appropriate source. or_81nk_terms to.
account for the conversion of the gaseous diffusing

species (monomer) to drops of liquid and vice versa.
Conservation equations. for the monomer and for drops of

all sizes are required. The source and sink terms are
developedifrom the classical theory of homogeneous
nucleation. Simultaneous solution of the coupled monomer
and droplet ‘equations provides insight into the enhancement

- of the vaporization rate due- to condensation and also into the

structure of the nucleation, droplet growth, and re-
evaporation cycle which were found to take place in the
boundary 1ayer on the disk.

Present address: Battelle Northwest Laboratory

Battelle Memorial Institute.
Richland, Washington
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I. INTRODUCTION

Thé;vaﬁdfization rate of a hot surface.into a cold
gas‘envifbément may be substaﬁtially'incréééed‘ébove the
diffdéioh;iimitéd'valué if tﬁé va§oriziné speciés conaenses-
iﬁ‘the therﬁal,béundafy léyer.v'Wheﬁ cdﬁdépsatidn does

occur,”thevdiffusiﬂg.holecules'cdmbine ﬁp form-drops

-

in accordance with the 1aWé of»ngcieatioh"kinetiqs. The

creation of drops produces a sink in the ordinary convective-

diffpsioﬁ'brocess which depréSSes'the vapor pressure prqfilé

. and ‘causes an increase in the gradient at the wall. Hence,

ablarger’vapérization fate‘is obtained.

Tﬁrkdpgaﬁ(l)vhas investigated this‘eﬁhancement’in«'
the_vépéfization’fate for moiﬁen iron sphéfes ih Helium.
He usedbthe cdhéept of the “"critical supéfsaturation"'
f:om'cléséical i{nfinite-medium nucleétioﬁ‘kinetigs;vwhiéh
shows théﬁ_if the Supefsaturation is abdvé'the "éfitical"
value, pqndensation takesvplacg at an extremely rapid
rate;‘if‘thé supersaturation is below the critical value,
condenéafion takes placg at an extremeiy siow ra;e;(zfs)v
In Turkdégan's analysis, the boundary layer wa's divided
ihto‘;ﬁobaiStinct-zbnes:f a condensateffree‘region'close
fovthe vaporizing surfacé in which the supersathration
is lessvfhan the critical vaiue;andvan p#;ér'portioﬁ in
whiéh sﬁfficient condensatién occurs to"méintain the'super—v:

saturation at the critical value corresponding to the
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local gas temperature.. The profiie betweehhthe condensatioh
zone and the wall was assumed to be llnear, as in the
vstagnant film model of ordlnary mass transfer. The theoretical
resultsxagreed qualitatively with a limited amount of
rough eXperimental”data takenfhy Turkdegan and Miils,(g)
‘whichvihdieated thevenhaneement in the vaéérizacion,rgte
to be.approx1mately a factor of three. : |

| With the additional assumption that the logarithm
of the critical supersaturation was a 1inear functlon of

(10)

the reciprocal temperature, Rosner 'developed a set _ _. :
of anaixtical relationships to describe Tdrkdogan's model.
The major assumptions of the critieal'supersaturation_
aPPr'oac.h:are:. |
(1) Mass transfer is based.dpdhhthe stagnant
film model. 1In particular, drops formedhin1the outer
condensihé'regien of the.bdundary layer,are not convected
into the wall'region,hwhich is assumed to'be free of
drops.larger than critical size.
' (2) The location of the nucleation zone is _ ,;
determiﬁed by a~critica1 supersaturation value obtained
from the_infinitefmedium solution of the hgcleatioh
kinetic equations for an arbitrarily seieeted nucleation

rate.

-{(3) The drop_temperature ié»equal to the local r

gas temperature. Thermal radiation from the hot wall to
the drop is neglected.
(4) "Diffusion of theAdrops 1s neglected. Only

(11)

the vapor species (the "monomer") diffuses. Elenbaas

&




. current of l_drop/cm3—sec is easily_counfable by
visual techniques in cloud chambers. Its use to define
the éritical supersaturation 1n boundary“layers is simply oo

-an ad hoé_assumption. The actual nucleation current in i

{
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has shpwn'thaﬁ if drops do not penetfate_the outer edge

of the béﬁhdary layer,‘drOp diffusion eliminates enhancement
of thevvaporizétion rate in the étagnant film model, : ' 5

Epstein ‘and Rosner(;z) hé?e examined the validity

of the second assumption of the critical_Supersaturation
model by'Simultaneously solving the classical nucleation
equatioﬁs'(fhe infinite medium sdlution) withvthe conservation ;

.

equations for a stagnant film mass transfer situation.

Their éﬁaiysié cohtains a;¢on§ective ferm caused by the
intéffddiai Véiocity'whiCh‘transport$ dfOps_away.from fhe : i
vaporizihg surfacé;“ As a result; dropé'léaQe the outer
edge‘ofzfﬁg'film and aéceleratioﬂ of ché“vapérizatiéﬁ_b

rate'octhrs{ For thisfsfagnant'filﬁ model, Epstein and

Rdsher'suggesﬁ that'drob diffusion is uhimﬁortant.. ' i
Epstéin and Rosner also found that nucleation currents

|

|

10 .14
P |

|

|

~ in the boundary layer were on the order_of:lO to 10

dropslcm3;§ec rather than the figuré‘ofll'drop/cm3—sec.

which is commonly used to define the critical Supersatﬁration

_(2-8) (9,10)

in‘clbud chambers and in boundary iéyers, A

a boundary layer is, in fact, determined by a mass balance ;
betwegn_the drops and the vapor.
The épproadh of Epstein and Rosner,ié similar to that : !

used in the analysis of condensation in éxpansion’nozzles.(l3’l4)_
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"In this'ééproach,'drbplets are hucieated‘;t fates.dependeﬁt ﬁpon
the loéal supersatdration in a¢coraéhée with classical nucleation
theory{-'These'émbryos are theﬁ éonvectéd”élong flow
streémlinésvand;grow by absorbing vapor £rom the surrounding

gés ﬁhaéé{‘ This method is Lagfangian inbflavor, since the
charééfé:iéfiqs.of the'drop.population]étnapy poinf.ih

‘the ohe;aimehsidnalvfIOﬁ field are defefﬁiﬂed_by intégration

of the‘éfbwth history of thé drops.}rom.ﬁheif ups;féam
nuéleat;oh_pdint{ In'maséAtfansfef problems, this

apbroagh ié convenient if the diféctioniof'the maés‘transfer

énd flo§ sﬁfeam1ihe$‘cpinCide, éé‘isthgECASevin the
stagnantffilm‘modei'analyzed by Epsteinjﬁﬂ& Rosner.

Howevef;jfor many floﬁ gEOmetfics, the f;pﬁ stréamlines

may Bé‘complicated curves while the concéntfation streamlines

of thevt%ahsférriﬁg speciés depend on’dply‘oné:distancé
coordinate. Such is the case, for examéie;_fof the rotatingv
disk’ﬁhére)thé‘flow streamlines éxeéufe a spiral ﬁotion

of incfé331ng amp1itﬁde aévthe fluid moves toward the disk.

The conééntratioﬁ,vhowever, is a functibﬁ,ﬁnly of axial
location.’ In this instance, it is'dbviéﬁslﬁ desirable

to avoid'integrating along streamlines.. - )
Conséquenti?,»thé pgeéent anélyéis»utilizes an
'Eulerian”appfoaéh in Whigh mass conservatioh §f the vapor .
species aﬁd of each drop size is applied’in a fixe&btonprol
volume inxthe flow field. brops in théruﬂit volume may |
grow or évaporate, tﬁéréby depleting or>aﬁgmenting the

concentration of the monomer. The source term in the drop

Sy
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conservation equations and the sink'term in the monomer

equation are derived from the microscopic balance equations

‘of'homdgéﬁéohs'nucleation kinetics. The effect of thermal

radiationuffom the wall on the drop témperature is included

by a hegf balénge on_thé drops.  With thiéiépproach, the final
réspltsfpf~qléséical’infinite—medium.nucleétion kinetics

are notvdireétly péed to ﬁddif& the;mass”tfansfer\problem.
Réther,‘by integrating the ﬁucleatioh rate equations into

the drop. conservation equations, an internally consistent

desctipti@n.of_the drob cdﬁveétion—diffusionFCOndensation

process i§’obtdined.

The.equatidns were solved for the rotating disk
flow'ggométry, which is one ofvﬁhe few fluid-mechanical
systems which has an exact solution:for:the continuity,

(15,16)

momentum, and energy equations. This means that

. the velocities'and temperature in the monomer and drop

conservation equations can be determined from first

/ .

principleé; the correlations or approximationé needed

to soive‘othér hydrodynamic systems are not required.

'The monomer and drop equations for the rotating disk

also redﬁﬁé.td‘one-dimepsional,forms wﬁigh:simplifies
the n@mérical solution. . Experimental vefificationtpf
the fheory,ié,also possible, since‘rbtating disks can be
Operated as high as 2000°K. Experimentai.¥esults yill

be fepdrted in the-second ﬁapér;
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II. PROBLEM FORMULATION -

Cdnsidef;‘first, the general conditions which produce
nucleatiogvand condedsation in.a bdﬁqaéryvlayer; Eigufé 1
shows abhot vapdtizing surface surrounded'ﬁy,an inert.
gas.' Tﬁo cases are shown:v_aﬁ isothermal case. in which
the gas i$.at.the sémé temperéture as tﬁe surfa¢e, énd a
nbn—iédthérmal_éése in which the gas fa; ffdm”the‘surfacev
is'coﬁsidérabiy coldgr th&ﬁ fheihdt surféﬁe;‘ ih the iso-
thermal'éase, the éqdiiibrium vapor pré;sure is the same
at all points in the boﬁhdaf? iajervénd”is équél fo:the
value at‘fﬁe wall. Since the partial ptésshre of the diffusing
'spetiés'déCreases monotonica1ly thrdugh the boundary layer |
from its va1ue'ét the wall, it is always less fhah its -
équilibfium value and hence_nﬁcleation énd condensation
cannot oécur.. |

"Inlfhé non-isothermal case, the.deéfease:in teﬁperature.
thrbugh'thé‘boﬁndéry layér produces a féfiﬁ:decreaseiin
ﬁhe léééi equi1ibriumivapor préssﬁre. Théfequilibrium
vapor’pfessure.profile [peq(T)] may fali.considerably
beléw the isothermal diffusion—convectionEpfof;le [p*(z)I
and henéé nucleation and condensatiqn cén o¢cuf. In any
event, the partial pressure of the monqmép'[p(z)] cannot
fall Beipw the local-equilibrium profilé}iits exaéﬁ
locatibn‘in fhis région, however, is détermined by a mass
balance between the drops of all siées'and the monomer.

A schematic of the vaporizing rotatiﬁg disk is.shown

in Fig@re 2. The disk is infinite in extent and is surrounded

i
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by'é cold iﬂerﬁ gas.*:Flbw is:éééﬁﬁedsto:béflaminaf.j'The
surface of the &iék is at cbnstént tempera£Qré T, while
the'gasufér;from the disk is at cbnstanﬁiteﬁperature T,-
The disk roféfes with angular velocity wgﬂﬁhich induces
angular.and rédiai‘Veloéiﬁy components i£ fhe gas in‘thé
boundarﬁ 1gyer; ‘ConSeqﬁéﬁtly'the gas adjgéent to the
sﬁrfacéffiows radiaily OUfwafd'énd py:con£ihuity ﬁhe gas
farfabbve the surface flows downward. _ihe:molecules of
the mon#ﬁomically vaporizing substaﬁde diffuse'oﬁt'from
the disk into the 1aminarvbpundaryllayér; tﬁe thicknéss'
of which can'bé shown to be iﬁdepéndent'bf radius. If
the conditions»in the boundary layer aréiconducive to
drop’forﬁation, mbnomefvﬁoleCuleé may combinglto fofm a
dfqple; nucleus, or more prbbably, méy cdmbine ﬁith an
existing: drop by colliding with it. |

The drops thus formed are convectéd'with the bulk
othhé fluid (and alsb diffuse reiativevtofthe’bulk flow)
while gtoﬁing or evaporaﬁing; The net motion of the
drops :glative to the bulk gas velocityRWés ﬂeglected
in this_anélysis,‘ This implies that the‘gravitétional
-and ceﬁfrifugalvfdrces on -the drpps-wefe:negiigible
icompared‘ﬁo'the drag forces exerted.by thexbulk gas flow.
This aséuﬁption is reasonable if very i;fge‘drOps are
- not férmed;(l7)

‘Only "dilute" systeﬁs were considered in this work.



Whilenho precise coqdentration Iévgl sepérating "dilute"
and'"C6ncentratéd"vmixtures is possible; the term dilute
implies neglect of:

(1) 'Idtéffacial'veldcity..

(2)v Pro?e:ty vé:iations.dué ﬁbiébﬂéeﬁtration'
changes”in thé Bpundéry 1ay"eff -
| N (3)“Thé gfféctiof_ﬁéat fgleaSe d;é_tq cbnden;
éatibn gﬁ'ghe bdundary.laYer_éﬁergy eqhéfién." |
Most métél—iﬁert gas systems, because of'the'lbw Vapor
pressuté'bf the metal, are dilhte; the ﬁéﬁhanolFair_mixture
éonsider¢d>by Epstein and_ROSner(lz) is not.
The éffect qf restrictions (1) =- (jj_above is to
uncouple the momeritum and:enérgyreddations from the
materiél consérvatioh'édgafions. fhe~mbménﬁUh éhd ehéréy'

equations,«howevef, are still céupled‘tb_each other

UCRL-19635
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" because of temperature induced physical property variations

(viscoéity, deﬁsity, and thérmal conductiVity) in the
boundafy layer. The'tﬁérmal—ﬁydrodyhamic,problem,.hbwevef,
can be sdived indgpendéntly of the material conservation

equations.

(1) ‘The Conservation Equaﬁidﬁs

‘The éqﬁations describing steady-stété mass,>momentum,
'_and energy conservation on a ;otating dfsk are of the
standard.variety except for the temperaﬁure—induced
vériatiqﬁs in the.tranSpoft coéfficien;s. Byvappropriate

vaxiable'transfdrmations, these equations may be cast into
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the constant property forms prov1ded that the Prandtl

number and the density v1scosity product can be assumed

(17)

temperature independent. Solution of this set of

ordinary dlfferential equations is. straightforward and will

'vnot be detailed here. The necessary 1nformation which the

-hydrodynamic and energy equations provide is the gas

temperature profi1e in the boundary layer and the ax1a1

-velocity as a function_of distance from the disk surfacef

We_confine-attention here to the species conservation
equations. It is a well known feature of rotating disk
mass transfer that the concentration of the transferring
species is a function only of axial distance from the disk.
Anticipating that this independence of radial location

: o R , (17)
holds in the presence of nucleation and condensation,

the equation ‘governing conservation of monomer in the

'rotating-disk'boundary 1ayer mayibe written as:

dz 1

where w71s the'z—component of the hydrodynamic'velocity,

p is the density of the gas and D is the diffusion

vcoefflcient of the monomer in the inert carrier gas.

The dependence of these quantities on axial»position is

prov1ded by the solutions of the hydrodynamlc and energy
equations, £ is the concentration of monomer in atoms/cm3;

which is.related'to its partial pressure by the ideal gas

Y
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law:

8, is the monomer source term in atoms/cm>-sec.
The conservation equation for drops containing g

atoms is:

de a. | d(A_cE/‘P)Y Lo

where:cg is the'toncentfation of size gvdrdps in drops/cm3,,
Dg is the diffusion coefficient for'éizé gfdrops, éhd_S
is»thé‘soﬁrcé of Siié‘g drops in drops/ch; One such

equation'is fequired'for'eachbdrop sizé'g.

(2) The'Droplet‘SburCe Term
The drdplet source‘term"Sg in Eq.'(3),is:obtaiﬁed
from the microscopic balance equations of nucleation

kineticé{(3’4’6)‘

Consider a distribution_of dréps of

éll éizgéiin a unit volume. Let Ag belfhétéurface area

offa d?dp of size g, Bg the‘rétg a; whi¢h‘yapor atoms

in thé gg§ condense upon a unit area of a drop of size g
and ag the fate af which‘atéméiare evaporated

vfrom a dfdp of size é per unit area, . -'7: | Let

Jg_be thé net rate.at‘which droﬁs pass ftqm size,g—l

to sizé'g per cm3 per sec, i.e., the dfbplé: current in
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g—soaceL*IvSince the product Bg 18g-1¢ is the'rate‘

at whico;drops of size g-1 grow tolsize'gvper cm3 oer”

.secklaod'the‘proouct aéAgcg is the.rate:at'which drops

of size g diminish to size g-1 per cm3cper:sec, the net
rete Jg»at whlch drops of size g 1 grow to size g is

given by

J o= A —aAe R ' 4
g = Pg-1%g-1%g-1 g g | | ()

The net rate Sg at which drops of size g ere formed per
cm> per sec is equal to the net rate at which drops of
size g-1 grow'to size g minus the net rate at which drops

of size-g_grow to size g+l, 1i.e.
S, =3 -J . (5)

At this point, it is appropriate to_review the various

conditions.under which drop current and drop source have

been applied in other nuc1eation studies.

(1) The balanced equilibrium‘theory‘of homogeneous
1on (276)

nucleation applies to a system with no concentration

The droplet current in g-space is very similar to the
concept of the neutron slowing down density which occurs
in calculations of the behavior of the neutron populatlon
in nuclear reactors.

)
|
]
I
!
|
1
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gradiénfs; ho bulk floQ; and no means of‘femoving drops
from the éysteh; .Iheée conditions are é#y@érized by the
statémenﬁs; s =0, Jg = OQv Because'balaﬁéed equilibrium
.fhebry requires abnormally high conéentra;i§ns of drops
 larger:than fhé‘"critiéai" size*, some ﬁéaﬁé of rgﬁoving
grdWing?dfépé"must be included fbrvnhcléégion theory

to be'aﬁplied toiféal:syétemsgb' |

.

(2-6)

(2).'In the unbalanced gguiiibrium case

drops
areiperﬁipfed to grow thfbugh gQSpaée'gt é ¢ohsfant rate;
1arge‘dr§ps are aéspmea removed from chéfsyétém by an .
unSpecified:mechanism and‘returned tb ﬁhé'vapor pﬁase.

as mondﬁéf. 'Since'this process'is bonéidered to be ét
Steady.étate, aﬂd sihce no concéntfatioﬁigradients‘or

bulk fiow'exist, it will be referred to as the infinite~

medium steady-state céée} It is characterized by the
requirements: Sg’# 0;:Jg = constant. The source-free
conditidn follows from'Eq{ (3) if the.cohvective and

diffusive terms are set equal to zero. The evaluation

of the cbnstént J for this case, which is commodly termed

(2-7)

the nucleation rate, has been the subject'bf.many‘studies. -

' Turkdogdn(l)'and Epstein and Rosner(12) have utilized the
nucleationvrate defived from the steadyésfate infinite-
medium solution in their analysis of condensation effects

on mass transfer in stagnant films.

(3) The infinite-medium transient case has been

studied by various authors.(3’4’6’18f19). The governing

* .
The ‘critical size drop is one that has an equal
probability of growing or evaporating under the existing
supersaturation. - - f i
: '
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lon in this case is dc /3t = § = J = J . which
equat L % g | g g g+1 v
is the ﬁﬁsteady analog of Eq. (3) for an infinite medium.

. : , i ,
(4) The present situation may be characterized

‘as the finite-medium steady-state case because in the

finite system, convection and diffusion of the monomer

and'drdﬁé must be considered.

‘(3)v The Kinetic Coefficients

The condensation coefficient Bg is given by:

B = ______B___ R .' | (6)
g & /2nka ’ ,

_where m - is the mass of a monomer atom and T is the local

gas tgmpefature. 'Eq. (6) assumes a sticking probaBility
of'ﬁnify ahd represents tHe Hertz—Knudseﬂ 34uation ﬁodified
by the‘fattor hg.tb give the céfrect traﬁéfer across the
dropévdpqt interface'for large drops, i.e.; drops whose
grthh:raﬁe is diffusibn—limited fathe;'thén kinetiéaliy

(17,20)

Iimitéd; vThe.coefficientfng'is given by:

n = b - . D
R (rg/D)/ET7§FE : Co S

For smallfdrop.radii.rg, ng»approaches unity and Eq. .(6)

reduces to the ordinary.Hertz—Knudsen'equation; for large
drop'radii Eqs. (6) and (7) reduce to the solution of the

molecular diffusion equation for mass transfer from a

sphere. " Eq. (7) is not completely accurate for drop sizes

on the order of the mean—free'path; howéver, the contribution

)
!
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of dropsbbf this size or 1argervto thévvaporization rate
was found to be small and hence the error éccured through
thiS‘inéccurécy is very small.

The evaporation coefficientqg is givén by classical

nuéleatibnvkinetids_as:(B—s)

S ) Poq(Ty)  2b -1/3 o

o = n A | exP 3T 8. : (8)
wheré.pé§ ische equilibrium vapor pressure and‘Tg the E
tempera@@re of a drop of g atoms. The pérqmeter b is:

b = ATY | T ‘9)

when'Yvis the surfacé tension of the bulk' fluid and N

is its density in atOms/¢m3. ~The area rétio Ag;l/Aé

accounts for the fact that the surface area of a drop

changes while adding or removing an atom, an effect which
is ‘important only for small drops. The relation between %

area and drop size is:

. 1\2/3 - . :
_ 3 '3 2/3 , . :
AS'— 4ﬂ.(Z?ﬁ) g v _ e (10)

The exponential term in Eq. (8) accounts for the increase

in thé vapor-pressure at theAdrdp surfééé”due to the finite
radius of curvaturé of the &rOp. Note‘that o has been
modifiea by a factor ng to givé'the gofréct tfansfer raté
for large drops.

- There is still considerable controversy over the

)

L]
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proper form of the evaporation coefficient'dg.(ZI_ZA)

In this work we used the classical formfenbodied in Ed. (8)
because of;the agreement between classical nucleation .

(7)

theory and experiment obtained by Katz and Ostermier.

(4) ThexBoundary'Conditions'

..Conservstion of drops of size g atoms is descrlbed
byqu; (3) with the source term Sg given by Eqs. (4)
and (5); .It hss been shown by Zeldovich(.) that Sg
csn'be spproximsted_by an expression'inﬁolning'the first
and second partialAderrvatives,of cg withbrespect to g.

This is'secomplished by eXpanding sgvinsa.Taylor seriesru

in g and neglecting higher order'terms.d The result is an
interesting Sitnationvin which the basiednhysics is |
expressed in finite difference form, whereas the differential
forndis_an-afproximation."Since'nachinedeonputatiOn
invarieoiy requires approximation of partial derivatives

by their finite difference analogs, notning is gained by

transforming the source term in the droplet conservation

equations to derivative tofjtyv

(n owever, the fact that the source term in
Eq. (3) is equlvalent to a. second order partial derlvative
of the.drop concentration cg suggests that two boundary -

conditions on cg in g-space are required. This is consistent

with the fact that the infinite medium problem also requires

(4-6)  I¢ is evident

two boundary conditions in g-space.
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th#tv§§6 Boundafyvconditidﬁs:arevreQuireﬁfin the z-direction
Betaﬁée_ﬁhe problem is af the Bdﬁndéry iqyér type; These |
conditions ére.éoﬁsistedt with the mathéﬁa;ica1 form of
Eq. (>3‘)' if S‘g' is 't.epresentgd by a seC_‘Ond order pa-ftia}
derivative,iﬁ cg,(?5) In fhis case Eq.-(3) is an elliptic
partial-diffeféﬁxiéliequatfon which_reqﬁifés two boundary
éonditioﬁs iﬁ bpth"g and'z;vin addigioﬁ;;ég'musf approgch
zero és.g and z apprdaéh,ihfinify; | | | ”
Iﬂ the:2-dirécti6n, the boﬁndarytéoh&ifibns\are as
fbllbwé;&3At the diSk—vafdt ihtérface,'tﬁé_sﬁperggturation
is unity and- the droplét coﬁ;entfation iéﬁéssume&-to be:

given by the balanced equilibrium model with unity

éupersétufation:(z-s)
‘g ~ fwexP( kT, & ) o8t 220 for all g Q1)

The subscript w denOﬁés wall values (;=0)55nd £, isvpeé(TQ)/
kTw' Ih the'Bulk_gas far from the disk thé drbplet’toh— |

centration must become vanishingly small, i.e.
c + 0 as z > . for all g R (12)

To determine the g—spéce.boundarybcq#ditionvf§r the
present problem, it is instrucfive to feview the method
of assigning the'béundéry.conditionS'iﬂ ﬁhe infinite~
mediﬁm:steady—Staﬁe case. It is knpwn that drops of small

size Spend most of their time oscillating back and forth

i
i
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between larger and smaller g while only a few pass on to

(4)

cdnstitute‘the droplet current J. So for small dreps

in the steady-state infinite-medium case;lJ-of Eq: (4)

ie”the‘emall difference between two large numbers. Thus

since B >> J and ¢ A ¢  >> J then B A c . o=
14 g—l g-1 g 88 g-1 g-1 g-1

oLgAgcg wh;ch.leads to'balanced:equilibrium values of cg.

Hence,.iﬁ the steedy—state-ihfinite—medlhm‘enalysis,
one bowndary conditien is thatvthe solﬁtien must approach
the bélancéd equilibrium solution as g ;[it

In the preseht;analysis; the balaneed“equilibrium o '
boundary condition for small g ceuld,.iﬂ.principle, be
used prowidedvthat matching is done for.e'drop size smaller -
than tﬁefcritical size. However, becauéehthe supersaturation
.ean becdﬁe very large at some points ie the boundary'layer,
the cfitiealfdrep size epproaches unitQVZFThe kinetic
coefficieet dg‘<Eq (8)) 1is calculated from the bulk
'properties-of the liQuid, which is approximately correct
for sﬁall:drops but ls clearly uﬁtenablelfor'drops
approachipé atqmic size. The normal technique in nucleation
theory:ie to assume that the bulk properties of the liquid

apply to drops greater than ten or twenty atoms in 51ze.(3’1g)

(18)

Courtney,_ L_xho studled the 1nf1nite medlum transient
caée,wmetched his numerical solution to_the balanced.

’ equilibtitm solution at a drob size ofltwenty.-'éourtﬁey's
eriticalfsize was apptoximately sixty.;rihps,-if the
lcriticelvdrop size is sufficiently larée;“balancedvequilibrium

theory can provide a boundary condition without extensive
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error invghe Calcdlatioﬁ of ﬁhe kineticvéoéfficient @
Howévef; because the critical size in tﬁé.éresent case -
waé so ;mall, this tethnique.could not be u;ed.
It:Became aﬁparent during the‘Calcuiations thatva

nucleation "zqne"_existed in the boundafyalayer;,a zbne
forméd'éﬁpfdxigately midﬁay through thevb;uﬁdary layer
wherg-éhé ﬁqcleé£ion rate-was extréﬁelyfhiéh, and, in
ail,btﬁé;‘regibns.the.nucleétioﬁ rate ﬁéé;éxtremely low.
Rosner,énq Epstein(lz) alsg.éhcountered~§hi§ phenoﬁenbn
of'orderfbf magnitﬁaé différénces_in n@éiéation rates.
This pfaddcés the fdlloWing'#esult{"Inside'the nucleatian
zone, ﬁﬁe C§n¢ehtration of'smallvdrops—WAs determined
primarily -by nucleation kinetics, whiléibutéide the
nucleation zone the cohcentrétion.of sméli drops was primarily
détermiﬁeq By diffusion and conveétion;frqm the nucleation |
zone rgfhér than by:ibcal nucleation. ;iﬁis'type'of.
behavibf £én pesult'iﬁ numerical instabilities if one
'aﬁtemptS-tO'apply a nucleétibh kiﬁetit.boﬁhdafy condition
throughout the entire bouﬁaéry'layer, bé;;ﬁse’thé concentratiqn
of smali &ropg outside the nucleation zone 1is not determined,.
by nucleatioﬁ'kinetiCS alone but by diff;sion and conVectioﬁ
'as'weil;-: |

| Af_the location of thé maximum nucleation rate, the
conceﬁététion'of small drops (i.e. g < g;,-where g, is -
én arbitrarily selected starting size) WA§ assﬁmgd to be
that givén by the steady-state infiniﬁe—medium‘soiutioﬂ.

This is a physically acceptable alternative to the balanced

equilibrium boundary condition because'the steady-state

|




infinite—mediﬁm_éblutidn'is,'in'fact, the{sdiution'that

doésveXIStVin an infinite medium as dfoﬁs grow beyond the

criﬁical'size.

 Using this solution is eqﬁivalent.to'

aSsumiﬁgjthat the droplet currents Jg are large compared

‘to the .sum of the diffusive and convective terms in Eq. (3),

f.e., that 3, >> 8 , J

>> 8
g’ gtl 8

s
-

N

O-at'g=gofv,Thus

by Egq. (5);'5 Py Jg+l x constant, wbich'is;fhe basis of

g .
the infinite medium solution.

Since the nucleation zone is a regionabf high super-

saturation, the droplet growth rate is much greater than

the droplet evaporation rate for drops larger than the

critical size, and so from Eq. (4)

: 'N'} S
(3 J A
g-’\a /Bg g ]

g <g (13)

where J is given by the steady-state

expression:(4’7)

where S is the supersaturation:

5= p/p,

0

infinite-medium

R TR
KT N2 ansn?

- (14)

(15)

For a specified variation of the tempéfature T'and'

the mdnbmér partial pressure p with position in the boundary

o
|
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1aYer,‘tﬁé ndcléafion rate J(z) is detefmiﬁed by Eq. (14). .
At somé 1dcatioﬁ, zﬁax,'J is:a'maxiﬁum.”fAﬁ this point,
theigoﬁ@éntrétion_of drops of size Bo Was?éssumed given by
Eq.'(13)5

Thé'épnééntraﬁion of dropé df.size.g;;is.alsd known
at ﬁwo qfhgr'p6ints in fhe bouhdary léyet5{namely:ét z=0
whefé{c-ftis'giﬁgnjbvaQ7'(ll)iand ?=®g;wHére c’_’is zero.
.An-iﬁtérgélatioﬁ scheme is fedﬁiréd to infer valﬁes of .
cgr at §ii other z from ﬁhevknown v;lueé ££.these three
regefénqévlocétions in the'bbﬁndary 1éyérf

Ta}féithfuliy refletf thé'iﬁpdrtaﬁcebof traﬁsport:
pfoéessés in establishing the concentrétibh of'small
drops Qutéide the nucleation zone, intérpolation was accom- -

plished by detérmihing{cg (z) from the solution of the

SR .%o v . _
diffusion-convection equation,. Eq. (3),_with g=8g, To
effect»this‘éﬁkillafy solution, the éource term‘S was

approximated by a constant 'times the local nucleation rate,

J of EqQNtl4). .Whilé this appfoximapio?.ﬁb Sg’ has no
theoretical justification, the pfecise:dgscrip:ion of the
small—g‘épufce term is nof important aé'ldng.as it
is small compared to diffusionfconvectiéﬁ §utside ﬁﬁé_ ﬁ
nuCleatipn zone. | ﬂ »
Iq thiS manner, the concentration of drops of the
'selectéa‘starting ﬁalue size was determinéd-for ail z.
This auxiilary solution furnished the small-g boundary

condition'for the full coupled set of conservation equations

represented by Eqs. (1) and (3).




UCRL-1963¢
21

" The boundary condition fbr large drops was

¢y >0 as g + ® o R Vforvall'z ‘ _ :(16) ;
vThé-VaIue'of go was yaried between'iO and lSOIatoms;
the results were found to be.insensitivg:t6vthe value
used. . B
The cbncentration of monomer atoms at the wall f_
was taken as the equilibfium value. ‘Thg ngf'mass flux
: at the-wéll is sma;l compa:ed’withthe ratéiat which atoms
‘ ieaVe fhe‘surfacé'and condense updn it,‘ The'surface
kinetic limitations'characterisﬁic of vacﬁum vapdrization
are absépt since boundary layer diffﬁsioniis by far the °
slowest:éfép in the oQérall process., Hence the equilibrium
japor’preééure isvobtained ét the disk surface. At large.

',z, f + 0.

~(5) : The Monomer Source Term

Thévmonomer source term S. in Eq. (1) is found as

‘ 1
follows. Both sides of Eq. (3) are multiplied by g and
the resu;ting equatiohsvsummed'for all g > gy When

this Sum3is added to the monomer cdﬁségQation Eq. (l); -
_theﬁresﬁit is‘a conservation statement fofvthe vaporizing

species in any form - drops or monomer. Since the source

term in this total species balance must be zero, then

Si'%—zgsg | e en
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'Thé coupling betwéeﬁ'the_moﬁomé: aﬁd dfoplet equaﬁions"

_.pan n9Q Bé c1earl§ seen. The source terﬁ.sl in the monomer

balaﬁéé depends upon the dropletvsource S by Egq. (17) and Sg
depends upon the droplet concentration cg via Eqs. (4)

and (5): -ThngOefficieqt Bg in‘Eq.'(4) depends upon the

monomer ﬁartial pressﬁfe>p"b§ Eq. (6),téndkp is”rélated
ﬁd.thetmdndmer boﬁcentratioh f'Via Fq.’tZ).' Finally,

f is deté;mined by Eq. (l), which coﬁfainézs

C1T

(6) The Drop Temperature.

Only the tEmperature,Tg of a droP'Qf,size,g atoms
remains gp_be_specifigd for a_weLl-definéd}problem,
Since-thé drop 1is in a s;fong thermal';?diatipn field,
it_may.notAbe ét the témperatﬁre of the.surrounding
gas. A qua31 statié energy balance upon the drop glves

the follow1ng ‘transcendental equation for T :(17)

1 4 . L 4 o
= OeT A + & - d A = 0eT A + CA _ B . (T - T)A
-2,_f w g (Bg 8) g g g p th gas( g ) g

(18) ;

In tﬁis é§uation, o is the Sﬁephan;Bolf;ﬁdﬁn constant,

> thévéﬁissivity_of the drop surface, and;k is tﬁe'latent
.héat,bf_vaporization. The heat capacity_of the inerf_gas
and'thg thermal accoﬁodatidn éoefficient of thé inert
gés atoﬁé on the drop surface are deno:ed by CP and Aﬁh
respécti?ely. B is the Hertz—Knudseﬁ coefficient of

gas.

“the inert gas, given by Eq. (6) with the monomer partial
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.preséufe,replaced by the inert gas préssﬁﬁe‘and the mass
m deno#ihg*the méss offthe inert gas‘épeéies. The first
term iﬁ'Eq}'(18) represénts the quantityﬁofbheat radiated
from tﬁe.ﬁisk'tovthé drop,.the second tér@_represents
the‘heACHA§ded.to theldrop by condensation of vapor on
the drdﬁ;.fhe third term is the heat radiated_from the
droé to.;he”SUfrdﬁndihgs, and thé laSt'ﬁérm_isvthe quantity‘
of heat.femoved from’the drop by inert gas atoms colliding

with the drop.

(7) The Solution Method

The advantage of the rotating disk as. a vaporizing
surface is. that the govefning equations’ can be reduced
e e . P (15,16)
by a series of transformations to one—dlmen31onal forms.
For the present case, the transformations of the conservation
equations differ slightly from the:uSual rotating disk trans-
S - | . e s, (17D
formations because they include the effect of variable properties. :
Inclusion of this effect was necessary because practical
boundary”laygr nucleation experiments require very large

tempé;atufe gradients.(l’9’17)

Analytical solutions can
then'be_obtained‘for the mass, momentum, and energy con-
.servation equations if an approximate axial velocity profile

is used;(l7’26)

However, analytical solutions cannot be
dbtainéd for monomer and droplet conservation equations
because their source terms are complicated functions

determined by nucleation kinetic relatiqnshipsf' Because

of this, a computer program was written to solve the monomer
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and drbpiét equations numerically.

if'thé drop'conservation eqﬁatidn héd':o be solved
for éach:dfop size g, an enormous amount'of*méchine time
w0u1d‘ﬁé#é been reqdiréd.' Couétney(18)>fdund that thé
amount ofﬁﬁéchihe time became exéessive'if be.attempteq
to carry his calculations beyond drop siéés of a few
_huhdréd_atdﬁs. To circdmvéﬁt this difficﬁlty, a multigroup-
scheme has:fofmulated;* This'consisted'§f coﬁBining a
number 6frdrop sizes into a single grduﬂ. The droplet
cOnservatioﬁ Eq.-(3)'wés tﬁenfrewfitten ﬁd descfibe.
_the'gtd#p-évefaged drop concentrationg the’éource term
in thisvéquati;n described the net tranéfer of drOpsh
écross ﬁhe:ends of the group into adjadenf_groups. This
multigroup schehe considerably reduced the amount of
machine fiﬁe-réquited. Thé group-aVeraged equatioﬂs
are ého&p ih Reference 17. | |

Tﬁo'aifferent estimates of the drop 41ffusion
coefficient were inVEStigated. In the”fi?ét case;'the
diffusion coefficient of the drops was aééﬁmed‘to be'gqgal
to the}diffusiﬁn'coeffiéient of -the monoﬁér.. The appro#ima;ion
.Dg = D makes the set qf drop’consé:vatioﬁqus: (3)vmuch |
more tractable because the diffusion boundéry layer thickﬁess
is thé-séme for all drop sizés.‘ The diSadvantagevof this
apbroéch is that it overestimétes the mobility of the
1arge 4tops. |

In the second case, the diffusion coefficienf of the

v

drops was assumed to vary as the monomer diffusion

*Multigroup methods (in energy space) are common in nuclear

reactor calculations. i
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cdefficient,divided‘by drop size to'thelcwo4thirds power .*

produces a variation in the diffusion

(27)

The reiagion Dg= D/g2
bouﬁdary layer thickness of a factorfdf'twenty for .
drop sizég covering a range of 166 atoms;_.This large
variation in the boundary layer diétancé $§fween equations -
in a édupiéd set fequriesIA'nbvei aﬁproéch in order to
obtéin’gécgfaﬁe numerical solutions, Tq?avdid the computational
problémslwhich would have resulted ifiédﬁé of the eqﬁations"
had to,Eé’Solved numerically-oVer>a disféﬂéé ményvtimes
tﬁeir bdundary iayer £hickness, the méthoa:of singular
perturbation Was,used§28%§r each dfqp siie; the prOéedure
cohsis;ed.of developing an inner éxpansibq within‘the drqpiet
boundary iayér.and'an duter expansion bé;gnd it and-thén.
matchiﬁg.thé two solutidns in a suitableffaShion to give
a contiﬁﬁdus.solutioh. The applicationlof this technique
is_diséuséed.in more detail in Reference 17.

The division of the boundéry layer ‘into inner and
outer rééions is not simply a mathématicai:artifice but

reflects ﬁhe following physical situatioﬁm.fln the inner

*This is. the classical molecular diffusion relationship
and is strictly true for drops smaller than the mean-free
path.(zo) Since it will be shown that there are few
drops larger than the mean-free path in the iron-argon .
‘rotating disk system, this approximation can safely be
used for all drop sizes. : :
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regibﬁ, thé éohcentfaﬁiqn ié determined b&‘a bélaﬁce between
,difoSion:and convécﬁion, and the souréeAterm'is of
second ofaer. In thé-b;ter region, thé éoncentratioh is
determined by a balance béﬁwegh'thé‘coﬁyective term and

thé sQuréé térm'an& aiffusion'is”pf sep§ndvordef. " This

is what would be éxpected physically;rgpplying the method

of singular peftﬁrbation‘mékes,it'glear mathem&tically.

Thé’droplet'cénsérvatibh.équation wéé.éolved for a
vdiScréfé'set‘of groups covefing é rahgé:qf.approximéfely
10 to 1020 atoms. A fénée in g‘of'thié'magnitnde was
requifég even though drops of size greager_than 109
atomsvma&e ﬁo tontributiaﬁ to the moﬁdﬁef source term
and thﬁs had no effect upon the vaporizatibn réte or
the édﬁpiing between monomer and droplet éqnations.

The Bbﬁndary condition for.largg g reqﬁiféd setting
the‘d;dp c§nCentration equal to zéro aﬁlsoﬁe iarge size;
unless,thiS'point waé éonsiderably beyonq,109 atoms,

an infldénce‘upoﬁ the droplet cdncentratibn at sizes
=1essv££aﬁ 10° atoms, .and hence an influence upon the
vaporizétion rafe, was founa,

The calculations were made for disk temperatures
ranging from 1500°K to 19b0°K; the iroh ?isk Qas aséumed
to béAyaporizing 1ﬁ'aggon with én ambient temperature of.
300°K;  The properties of iron which Were uéed in the
nucleation kinetic relationships, suchﬁas surface tension
and'vapor pressure and density, were ébtained from Refs.

"1, 29, and 30.
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111, EN_I'I'ANC_EMEI.\IT’OF THE VAPORIZATION RATE
'Thé Ehange in thevvﬁporization'raté>iﬁ'a‘system with
cohdenéétidn'enhancement from that in a; isothermal system
is'dﬁe £§ three factofé:‘
v(l).vCondenSationb
(2)"Pf0pefty.§ariations

(3)' Thermal diffusion (the'So;et effect)

- All threé of these effects are due to the extremely large

temperatﬁre difference (up to 15005C) across a boundary
layer-thCh is only a fraction of a ceﬁtimeter thick.

The fiactional increasé in the vaporizétion rate
due té_temperature-indhced proberty variations.can be shown

to be:xlj)

((p?p) /%Dy 12

where the subscript « denotes bulk'COnditions. If D~ T2

and p v 1/T, property variations do not affect the
' ' 1.95

_vaporization rate.For the iron-argon system, D Vv T ,

(17)

and so ‘this condition is approximately true. Because

.of thisQ;property‘variations will be_neglected.

'Tﬁe'efféct of thermal diffusion cén;bé evaluated
ihdepéndently of the first two; an analysis éf'its effécé
Shows:it.to be smalirfor the iron-argon system at temperatures
below_thg melting point of iron.(l7) |

The mass flux at the wall is the sum:of the fluxes

due to monomer andvdrop'df“all sizes:
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or: | - o " |
J‘w_=-_v—-m<oD>'w[-§—z <§) + Z e GB) (gﬁj)]w (20) :
A . a .g;gb ST o

If‘tﬁé systemicouid be cohéidered Séﬁfte4frée aﬂd the
fiui& pféperties are_cénstanc,‘then Eq;gxi) has an énalytic
solutibh'}f'the dimensionless axial veiaéity profile is
apprdximéted by a étraight line.(26) Aﬁpiying this
apbrokimatiOn to an isothermal rotatingfdisk then gives

the maés.flux at the wall as:

B Sc : »~' '

where v‘isvthe kiﬁemati; visqosity:ofv;he fluid, and Sc the .
Schmidﬁ:ﬁﬁmber (v/Dji Since it is imﬁaﬁerial where onéd>
evalﬁates the properties in an isotherpai»sysfem, we

have arbitrgrilf-evaluatéd them at the-ﬁéll (denofed by
subsgfipt V); |

Since the isothermal, source-free mass transfer rate

in a fbfating disk system is well known, the effects
due td[nbn-isothermal conditions are best presénted by

computing the ratio of the mass fluxes:iﬁ the two cases:

SURUURR NN,

3, /3% = ¢ | @
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¢kisvthe factor by:which'the isothermal transfer fate is
_enhaﬁéed.by condénSatioh.

Tﬁe enhancement due to condensatioﬁ cén be caléulated .
byvthree methods:
| (i) Bﬁlkvequilibrium cohdensatioﬁ»
(2) Critical supersatﬁration using the Turkdogan-
 Rosner method
(3) Presenf theory. -
In éase (1), condensation is not kinetically limited -

and the equilibrium vapor pressure is éésﬁmed to be attained
aﬁ each'pbint in thé'boundary‘layer. The monomer con-
centra;ion gradient at the wall is obta@ned directly from
ﬁﬁé gasvtémperéture profile and the’equilibrium vapof
pressure-temperature relafiohship; and,diop diffusion and
convecgiéﬁ neeé hot be considered. Assuming a linear

(26) -

axiaI veio¢ity profile, and solving:the rotating diék

energy équation in conjunétion with the Clauiqs—Clapeyron

equation yields for this mode1: (27)
l
Pri2 L . :
¢ -_-sC)‘ er, 7 TL/TY e (23)

where % is the latent heat of Vaporizatidn, k is the

Boltzmann constant, and Pr the Prandtl number. This

~derivation neglects the effect of heat release due to

condensation. Hills and Szekeley(3l’32)vand Rosner and

(12)

Epstein have derived analogous formulée for ¢ which

include the heat release due to condensation but -are

9635
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restrieted to systems wlth a:Lewis numberk(Sc/Pr) of uﬂity.
Their results show that the effect-of latent heat releasev
is less“thah 4Z‘for the cases cohsidered-here, i.e.,
for iron- argon systems below the melting;ppint”of iron.
For this reason. the effect of release ofrlateht heat in
the boundary'layer has been neglected ln”the preseﬁt'
analySis:f | | ’ N _

The results of the critlcalISupersaturatidn model,

case (2)'can also be expressed by a condensatiOn factor:

This was done using Turkdogan s( )
(10)

graphlcal method and
Eq. (14) Rosner's analysis, although,more convenlent,
.could not be used because it requ1res that the 1ogar1thm
of the cr;tlcal supersaturatlon be a lihear functlon
of reeiﬁrecal temperature; at temperatures.which are
practically attalnable with a rotating dlsk in an iron-
argon system, this is definitely-not'traeﬁh In calcdlating
¢, a nucleation current J of'1012 was used.‘ This correspbndé
to themvalue.which'Epstein and Rosner(lz) fouhd in their
boundary layer stu&f. The properties ithhe nhcleation
equatlon (Eq. (l4)),h9uch as surface tehsion aad density,
Qere evaluated at the film temperature of the boundary
layer;iv | | |

lhe:effeet ef nucleation in the boghdary layer on
the vaporization rate from a rotating disk is shown in

Figure 3. Here the condensation factor ¢ is shown as a
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function of the disk temperature T for a rotational

- speed of 1500 rad/sec.  The effect of dtbps diffusing

.back ihtofthe wall, (i.e.;‘the sdm in EQ{ (20)) was

negledted'because'it was less than 1% of the monomer.
mass flux at the wall in all cases. Inffhe case of no

condensation, ¢ is independdnt of temperature and has a

'value‘of unity} :Beiow 1600°K, Figure 3 indicates that

~the effect of céndenéatidn is nil; above 1600°K, the

effect increases rapidly with températufe; At 1900°K,

the enhancement is a factor of two and'qne—half for the

case D_ = D, and a factor of six for the case Dg'= D/g2/3.

The greater enhancement in the variable diffusivity
- . v

case iS Causéd by the fact that the lower diffusivity of

the larger drops in this case giﬁes-them'iess mobility,

which has two consequences.

First, the large drops find it moreidifficult to
diffuséiiﬁto the region close to the wall there the
conVecfive transpoft is weak.. The'fegidn close to the
wall is'ﬁucﬁ hotter than the outer regions and a drop

which tended to grow in the cooler outer region tends

°

- to evaporate, or at least grow much less rapidly, near

the wgll.- The:drops tend.to'evaporatg.in this region
because the evaporation éoefficieht ag is a very
sepsi;i&e functioﬁ of temperature and_increases rapi&ly
as the temperatufe is_incrgaséd. Thu$ the ability of the
drops td evaporate 1is smailer in the yariabie diffusivitj_
case and so the monomer sink is larger ana hence the wall

gradient'is increased.
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‘Thé“sgcond effect arises from dropsILEaving the nucleation

;zoﬁé i# the;direc£idn of the -outer Boundafy layer edge.
_As_thé‘diffusion coefficiegtlbecomes smélier, the ability

of the:dfobs to mer oﬁtward agaiﬁét'thé'§§nvecpiyev
infio§ is i@paired;  Thus low diffusivity drops have a
greatér tendency to stay'ih that pért qf”ﬁhé boundéry
lajer §heré’ﬁhéir'cafacify to absofb monomer is.largef. ‘Thus
- the sﬁéilér'dfop diffuéion‘coefficient bfithe}variéblé |
diffusivity'case gffectiveiy stops the.lgfée drops in
the'region'of the Boundary layér wherévthéy can most
efficiéhfly remove'moﬁdmer ftom‘thé.vaﬁér phase.

It:é;n be seen iﬁ'Figure_S that ;h¢ :ﬁQ effects'described
ébovéti;Crease the condensation factor iﬁ:the'variéBlé 
diffusiQity case over-that of the constant»diffusiviéy
case by.éignifiCant ambuntsfét high témﬁérature. However,
the peihf at which nuc;eafibn becomes signifiéaﬁt'(1600°K)
is pfagfically the same in the pr césés;.>This is
consistgnt because a variation in the drb§ diffusion
coefficiént cannotlaffect the wall gradieﬁt until a.large
number éf drops are formed by nucieatibﬁ..

vTHé.Turkdogan—Rosner results afe also shown in Figure
3. The énhaﬁcement in thi$ case in app;okimately equal
to that -of the constant diffusivity ca;§a  The reéulfs
of the,#ulk equilibrium condensation modél are not'shown;
'but'gi§e values of ¢ ranging from 20.4 5§ 1500°K'to

16.0 at 2000°K.

i

i
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IV. STRUCTURE OF THE NUCLEATION ZONE IN THE BOUNDARY LAYER
FigurévA shows'a pfofile,of a typ1551 nuc1eation
rafe J as a function.of ax%al distance thrdugh ;he boundary..
iéYgr.  Thévaxialfdistahce is expressed iﬁ,terms of a

diméhSiqnless distance x which is related to z by:

o /2 . ... - o
o Gew) e 1172 _ o .
S e L P ' ' :

* T ewyg (vm)v (pm) 4z " o \ (24)

where the 3ubscripté © and f denote bulk gas and film

éverage conditions’fespectively. If prbpgrty variations

aré_negiécted, Eq. (24) reduces tb‘the‘standard dis;ancev
variablé tfansformation for the rotatiﬁg'disk,(ls)
The value.0f J was calcglated:from‘the»cléssical Becker-
D3ring€Zeld0vigh expression, EqQ (14L.using‘the hoﬁomer
parfial’ﬁressure profile which was a séi;tion éf’Eqs. (1)
and (3). The important characteristic of;the figure’.
is phe7e#istence °f ﬁb"nucleatibn ZOHQ"; i.e., a region
Where ;Hé'hdc1eation’rate is vefy higH;:and which 1is
surrounded on either side by regions Qith-relatively
low nudleation rates. It is invthis nucleation zone
tﬁat_thé drops are formed. Such a'zoﬁé §;s aléo found

: | 12y o

By_Epstein and Rosner. The maximum nucleation rate

in the zone occurs at x 2 1/4, or between one-half-

.aﬁd three-quarters through the boundafy‘layer; the

rotatiﬁg disk flow boundary layer is generally consideredv

to end at x ~ 3 1/4.(15) In addition ;oubeing skewed

toward the outer region of the boundary layer, the zone
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(if measured by its width at half-maximum) occupies
‘approximately 507% of the boundary layer. 'The nucleation
rate in the first third of‘ﬁhe boundary layer (0 < x < 1)

is eSsedtially'iero compared to the rate further out in

the'bpundary 1éyer. ’The_nucleatidn rate in the nucleation -

zone‘iS-apprdximately 1014 drbpslcm3—sec, which is

4

compafable to the maximim rate of lOl dropé/cm3—sec.

(12)

inprS§eih and Rosner's study. Noisﬁétial significance
éhould'bé\at;aChéd'to this‘adcdra'howéQéf;_for it is not

obvious th nucléation'rates shouid'be éﬁe>same in diffe:ént
éYSte@s. . .

Figuté 5 éhoﬁs a>typical dfopusiZe disfribﬁtidn in’
the nucleation zone (x = 2 1/4) and alﬁo.neaf the wall
(x = 1/4). The infinite-medium éteady-sté£e éolutioﬁs
are also plotted for comparison;

Ip‘thé nucleation zone (x = 2 l/45vthe.boundary layer
éolutiop éppfoa¢hes the infinite-médiug éolution for
g'ﬁ‘g;,}as is required by‘the bohndéry_cdndifioﬁ. For
large drops, it falls increasingly belqw £he infinite-
medium 501ution'asvdrop size increases. 'This is the
expégted-behavior bécause in the infinité}hedium solution
'thé df@piet current J is a-consﬁant_énd ﬁence_the saﬁe
nuﬁbef of‘dfops pass throughfeach size3  In the boundary
1ayér.cése, drops cén also leave an inéréﬁéntal |
‘volume element by convection and diffusion; since the transéort

by these mechanisms in the nucleation zone results

primarily in an outflow of drops to other regions, the
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boundary-layer cohcentration should 1lie Below the infinite-

.medium concentration.

".Neap the wall (x =‘1/42, however, few drops are férmed
énd thé.transport.méchaniSﬁs in general produce an inflow
of drdps into this region. ‘Hence the boundéry layer
concénfratibn should bevlarger than thé i;finite
mediumiédhcentration; and Figdré.S’indicafes'that‘this
is in fact so.

;The balanced equilibri§m sblution'at x =2 1/4 is
also sﬁowh in Figure 5. The minimum of tge balanced
equiliﬁfium'curve occurs at the.criticéi &rop size and.the
figurefihdicates that thiézis approaching atomic size.
The vélpe'of oo i.e., the matching paint bétween the

infinite-medium and boundary layer éolﬁtions, was ten

" in this case and is shown in the figure. .

: FiQUFe 6_Showsvthé variation of the dimensionless
dfopiet_evappratibn and condensation coefficients‘with
axial.bogition in the boundary layer fdrﬁé typical drop
éizgf .The eﬁaporation coefficient ag ié higher than the

condensation coefficient Bg in the vicinity of the wall

where'thé_temperatﬁre is high. This is because the vapor
'pressﬁre.is a rapidly increasing functiqﬁ'of_temperature
and thé‘evaporation coefficient is proportional to the -

vapor pressure at the drop temperature. As the temperature

decreases with increasing axial distance through the

bqundéfy layer, the evaporation coefficient decreases

.

rapidly and in fact is considerably smaller than the

35




éondgnségién coefficient throqghout mosf 6f the bouﬁdary
layér;"fhe 1ineafaécale‘i$'somewhat déceptive at large
distances.fof_éﬁ x ~ 4, th?_evéporatioﬁ;bqefficient is
orders 6f'magnitude lesé.than the condeﬁSatiOn cpefficient;
Howevér; thé'importantvpoiht is that dfops very close to
the wail;tend to evaporate rafhe; thaﬁ grow.

Fig#fe 7 shows the ﬁonomér.sbﬁ;ce.tgfm as a funétion
of a#ial distahce7tBrough the bdundaryfIQYer'fér a typical
c;se."Thé source is posifivebclose to'fhé wall because
the dréplét évapor;tioﬁ'éoéffiéient is iarger than the
dropleﬁ'coﬁdenéétioﬁ.éoéfficiédt_theref  The source,
howevér;‘raéidly Becomesvnegafive at an axial distance
x = 1/4 because the evaporation‘coeffiﬁiént decreases
mUchféofe_rapidly than the condenéatidn cOefficiént.x
Thds,1dﬁbps'formed in the nucleation zpﬁé and'fran3ported'
t0ward'the wall grow very"fapidly in tﬂis.region, and
in doing so consume ﬁOnomer, thus drivi#g-the monomef
sodrcghtgrm to large negative”valués. jNote tHat.figure
4 indicates that very few drops are nuclééted in the
region whefe»the lafge negative.sourcé £éfm occurs
(x & 1/4) and Figure 7 indicates that little monomer
is_cthuﬁéd inrthe-nucleation zone (x: ¥ 2 1/4). The
small dfbps born in the nucleation‘éoﬁé épnéume relativeiy
1ittlé;monomer while being transported out of it; however,
as they grow into large drops nearer thé wa1l, the amount
of monomer tﬁey consume increases tréméﬁaously. This 1is

consistent with the results of steady-state infinite-

UCRL-1963:|
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drops consume the most monomer.
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medium tﬁeory’whéfe it has been found that the larger
(4) s the axial distance

from the wall increases fagther, the monomer source term

becomes small because the monomer concentration, and hence

the_dfdplet condensatidn_coefficiént, has been depressed

to the“poinﬁ where the‘&robs"grow much more slowly. Thus
the monomer depletion rate becomes.small.
- The ‘oscillatory nature of the monomer_sourcé (Figure

7) cause{ many numerical problems. It Qas the.principal'

reason that the calculation could not be‘made for very

large enhancements in the vaporization rate, (i.e.,
for vaporization rates‘approéching the bulk equilibrium
céndéhsation rate value) or for nucleation models such

(24) which give much larger

as that of Lothe and Pound,
nucleation rates than the classical theory under .the

same conditions. The reason for this is that the monomer

'sourcéﬂis, in effect, the small difference between two

very large numbers and any error ﬁade,ih compdting the

source5in the positive or negative source regions of

Figure 7 has a large effect on the monomer concentration.

Figure 8 shows the dimensionless .contribution from

the individual groups to the monomer source term for a

typical case. The profile in g-space was taken at the
positidn of the maximum monomer sink,'x_% 1/4. Plotted
on tﬁevordinate is the product g - Sg(k);‘which is the

contribution to the monomer source from drops of size

g. The total monomer‘source is givén by the negative of
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_ the éumjof the Contributiohs’from'tﬁé indi?idual gfoups}
.(Eq;_(l?)), and so is approximated by'théiérea under the
cufve,in:Figure §. The figure shows tﬁap‘drop éiées | .
between id? and 10§ are the pfinciple cb#ﬁributofs to
the monémer sourée§ drop:sizes below lO;_énd above 10
maké#ﬁégligible contribu;iohs}'.Sméll dféﬁs contribute
littleitﬁithe ﬁonomer-éiﬁk béééuée‘theitasmaii surface
area doég'allow then to consumé sigﬁ{fiéént quantifies
of vapor;'AFOr drop siées"greﬁter than'106;_the>COntribution
ﬁo thé ﬁdhbmer éoﬁfcé'ferm appfoaéﬁes Zéfgfbecauée the
drop c§ﬁcentration'beqomes so Small'(éée;Figuré 5).
Thus oniy intermediaté.drbp sizes contfibute'to the source
term. - |

Fig@fe 9 shows the ratio of the drdp'femperatufe to
the wall temperature as a fuﬁction of drép size for
a pérficﬁlar idcation‘ih the boundary igfér as'giveh by
the énérgy'baléncé Eq. (18). ‘For ﬁoét};f:the &rdb.gizes
éhbwu,rthe dfop‘tempér#ture is’equal tanfﬁe temperatﬁre
of theiéurrounding gas; only at large-drqp éizes does the .
drop tgmperature differ from the gas témpefatufe{ bAs
the dfoﬁ_increases beyo'ndle15 atoms in éize,'the drop
temperature‘rises‘quite rapidly becaﬁse,qf heat transférred'
by thefmal radiation from.the wail to fhe drop; and it
,approéches the wail temperature at‘sizes approaching.1020.
The feégon thaf the drop temperature.reméins:yéry glose
‘to the gas temperature over sﬁch a 1arge.range is that

the rate at which heat is removed from the drop by gasb

!
|
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atoms_éqliiding'with-it ié véryllarge;‘ Thét is, tﬁe
coefficient of the.fodrth term in Egq. (ié); is large.bTHe
coeffiéignt»ﬁgas is direct%y pfoportionéi‘to the éressure
df thg surfduﬁding gas. - In the calculafidns presented
here; #he‘iﬁert gas.preSSQre Was_éssdﬁed to be one atmosphere.
For nﬁgleatioh in rarified.énvirohmenté;ihéwéver;lthe
effectfof radiation'would'beéomé véry'imﬁartahﬁ because
the heat rem§véd by the inert gas atoms‘COIliding with
the dfbps-woulﬁvbe much smaller. Hencé;ﬁthe drop temp-
;ratufe wQuld depéff‘from the gas tempé?aguré at much
sma;lér drop sizes. At‘ény total pressufe, the population

of large drops would be limited by radiafipn heating.'

v EFFECT OF SOME PARAMETRIC VA‘RIATIONs

The effect of variations in the anguigr Qelocity of
the fOﬁéﬁing disk on the vaporization‘ratévis éhown.ih.
Figurévio, wﬁere thé vaporizafion‘raté is §1ottéd against
the sQﬁaré root of the angular velocit&;, As expécted from
Eqs. (21)_and (23), the vaporization raﬁe:in the bulk
equilibrium,condensation case and in thé éondensétion—
free case are directly proportional té ;hg square root
of the 3hgulér Qelocity;' The vaporizétion raﬁe in tﬁe
nuclea;ion kinetic case 1is not prOportiénai to ;he-gquare
root‘bf:the angular velocity,_as caﬁ be:seen from ﬁhe
middle line oleigure 10. This differengé in behavior
is produced by the fact that the angular velocity controls

the convection term in the conservation equations and
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_and-hence the balance amoﬁg diffusion,;coniection, and
condensation is affécted by disk speed:" 

Figﬁfe.ll shows sﬁrf;cq'tension decféaéés the vépor— ;
izatioﬁufate, with all other parqmeters héld conétant.
ihis is because the évaporaﬁion coéffigignt agfdecreases 
with décréééing'éﬁrfacé_téﬁéién.énd fhus ﬁhé rate at
which-dfops evaporate 1is redtced,';hefeﬁy increasing the

monomer gradient at the wall.

VI. CONCLUSIONS

rThé structure of the,nuéleafion zoﬁé_inhthe.gas film
on a rbtéting'disk is such that drops afe.producedvin-‘
significant quantities only near the midaié of the Boundary'
layer.;”Aé showﬁ.iﬁ Figufe 12, drops fbfméd there are
then tfaﬁspofted Byvdiffhsioq'éﬁﬂ-cbnvéé;ibﬁ ipto a region -
cl§sef.£ovthe'wall where rapid'groﬁth.iévfévofEd. Finally,
they move very close to the wail'where they evaporate.
This'gffébt produéeé a cycle because the’mOnomer produqed
ﬁy thé'drops evaporétiﬁg is trénsﬁorted'away from the
wallbandlinto the nucleation_zone where some of it is:
réforﬁéd into drops which are again returned towards the
hot surface. Thus a recycle'is.superimpOQed upon the
ordinary outward tramnsport of the vapéfiiing species which
.normali§:occurs in the isothermal bouﬂdary layer. Under
the proper conditidns, it is.possible‘that the recycle
mechahism could retard rather than enhéﬂcé the vapprization

rate. However, only rate enhancements were found for the

range of input parameters studied here.
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FIGURE CAPTIONS

(1) Schemétic of temperature and partiél,pressure profiles -

durihg isothermal and qynfisothermél;Qaporization

(2) R@téﬁing'aisk geometry

(3) Eqﬁaﬁéeméﬁt of the rate pf vaporizaﬁidﬁ of iron into

| afgohf |

(4) Variation of the-nucleation‘ragé thrbugh the boundary
1éyer‘

(5) DrOPVCOncentfationsvat'tWO positidn; in the boundary
layéf

(6) Variation of evapofationﬂand cohdéﬁéétion'coefficients

_ tﬁiough the boundary layer | |
(7) Thé monomer source in the'béundafy iayer
(8) Cpngfibution to the monomer éourcg?frém drops of

different sizes at x = 1/4

. (9) Ratio of drop temperature to wall temperature in

thefnucieation-zonev

(10) Effect of disk rotational speed on the vaporization
rate’ |

(li) Efféqt of drop surface tension on”the'vaﬁorizaticn

rate

(12) Schematic of vapor recycle in the non-isothermal

b‘oun_dary layér of a fotating'disk
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