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-ABSTRACT

The momentum, overall continuity and two diffusion equations govern-
ing rotating disk mass transfer in a ternary system with a reaction bound-
ary condition have been derived. The effects of variable density, inter-
faclal velocity, and multicomponent diffusion have been considered. The
theory has been compared to experimental data obtained for fhe IéQGeIu—

" diluent system. Absolute prediction of the transfer rate in the dilute
IngéIu region was within 15% of the experimental results. In the con-
centrated reactant gas region, the éonservation eqﬁations were solved by
an approkimate method which permitted the effects of density variation

in the flow equations, interfacial velocity, and density variations and
multicomponent effects in the diffusion equations to be evaluated inde-
pendently. Tﬁeory and experiment were compared by examining the variation
of fhe ratio of”thé mass transfer coefficlents in the concentrated and
'dilute'reactant gas regions as a function of ipdine concentration. For
lodine mole fractions between zero and unity and helium and argon diluents,

~ the theory Wwas consistently 7-10% below the experimental data.



INTRODUCTION -

- In the previous paper, those aspects of the germanium—iodihe»reaction

dominated by surface kinetics were examined. In this study, the diffusion

 limited region will be considered in ‘detail.

’

The measured rétes'wiil be éompared_with theoretical predictions vased
on solution of the conservatibﬁ equations. The combined efféct§ of density
variations in the boundary layer, multicomponent diffusion, and interfacial
velocities on the rate will be demonstréted théoretically ana'experimentally.

.All experiments were conducted at 415°C, in the region of complete
diffusion control. Since the reaction b;tweeh gaseous iodine and solid
gefmanium is essentially irreversible, the concentration of iodine at
the. germanium disk surface is zero in ali cases. The sole product of the
reaction 1is gaseous G¢Ih’ The systgm ié assumed isothermal and viécosity

variations through the boundary. layer are neglécted. Neither of these

. simplifications are-entirely valid: The bulk gas phase wes ~20°C ‘hotter

than the disk surface, and the.change in composition from iodine-diluent in

the bulk to GeIu-diluent at the disk surface 1s probably accompanied by an

increase in viscosity. However, because the disk surface was cooler than

- the bulk gas, the'composition-induced viscosity increase is at least

partially nullified by e temperature effect in the opposite directibn.
. 8imilarly, natural convection effects superimposed upon the. foreced
flow becau$é of the'unstable'temperature profile have been neglected in

the theoretical development. The range of validity of this assumption

will be assessed when theory and experiment are compared.
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L Conservation Equations
i o - o
j -~ The momentum equations governing the flow about a rotating disk are
‘ o . : \ - A
2 i those appropriate to an axisymmetric, cylindrical geometry. For
; .v;.“ o compressible ‘flow, these are: ¢
f radial componentf
; .
P ‘ 2 2 2 :
| v, v Fu . 3 fu),du 13
. p[u5—5+wé—£—?~J=u—-—§+&-\—-/}+-——-—+35}-(vv) (l)
- or \ Oz _
§ _7 v3" “+ 7 where _ - - . | .
, 1 v ~ | -
?f Voiveos (ru)+ 55 . o L (2)
- For the rbfatinv disk system, the radial pressure gradient is zero.
| : ~ angular component: - - T T C- ~* ,ﬂﬁj‘*;Wj
3 s T | 2 . 2 o
i : : : Bv uv dv , d ,v Qv :
[ 5"*"’ ol el 5’@‘"*2' . ()
| or Oz T
I o . ‘ ‘ . R
In Egs.” (1) and (3), the viscosity of the gas is assumed constant at the
i o o ulk vélué. The overall continuity equation is:
I S e+ & (pw) =0 Rl C SR
3 Since the system-contains three components, two species consérvation
equatibns_a&e réquired:
Py Ve, =-v-g (1=1,2) o - (5)
: . o
- ;‘- -+ The relation between the Qi and the multicomponent diffusion coefficients . : o
. can be written as:2 ' - - ' , o -



¢ '%‘ MM, D v.
Y 1M Yy

j. =

-1

The multicomponent diffusion coefficients are related to the binary

diffﬁsidn coefficients by virtue of the Maxwell—Stéphan relations:

D,. =0
. ii .

,1-

Dip =cbp {1+X5&%§5M5/M2‘ﬁ32)/29

. r . 7

SR s
Doy, = p |15 350 /My 075) AT |

- -

D3 = &3 _l+x1(&{éM1/M5“¢§3)/£}

J

Mole and mass fraction are related by
w = Mixi/M

where

>3 = My x2M2'+ x5My

(6)

(Te)

(o)
(Te).
(7a)
(7e)

(7€)

(8)

(9)

In an isothermal, ideal gas system,'the total concentration, C, is

constant aﬁd
o= MNMC

Dimensionless Eouations

(10)-

Before setting out the boundary conditions, the conservation equaticn



’ “ha
| " ‘will be non-dimensionalized. Since oh a'ro‘catin‘g disk, the concenmtration -
B o T varies.w"i_thvaxial position only, p = p(z) and X5 = xl(z) The velocity’ e
!  components are non-dimensionalized by: B "
| Cu = roF(E) B - o B ¢S5 IR
‘v = rac(t) N S o L (12)
i w=Avaue | L 3)
‘where : ' ‘ o | \ '
Ve = B/P S ()
and . N L o o
b =(ofv) "2 o (19)
——* *—ﬁﬁv wifch,_thé_:se* t'z;gnifo_r:r_pativon;s, Egs. (1), (3), and (%) become:
) o T * T T T e e e e
o (efe,) (F°-67T) + (5= H) F' = F | A o (16)
2(p/pm)F.G + (.g.._ H) o' = G_" - | _ o (17) .
. . 0 . B . . . .
2(p/o )F + (&= ®) =0 - . R (18)
o, S : R .
Except for the density ratio;priihk_léé throughout, theSe relations - -- - -
L are those given by Schlichting.‘7>~
Converting rlt'fle mass fractions on ithAe left of Eq.. (5)‘ to rriole frac- .
tions by Eg. (8),'the diffusion equations become:
NSC 7H(§) dx.- ax.\ i dx! C ax . : .
13 a l +a —2. —q—g L (b S '——_—2—) ({19) .. v
p?pco 1 4t 2 dg -4k p7pw_ 148 2 4sg ] : .
N LT(E) ) . : ro- . - : . 4
Sc15 e d-i(gl + c ?—x—g—-\z g‘—-— L (e Cb,(l + e dj?—) (20) - -
/e, 1dg "2 7dE )" df b/, TL dE 2 dE )




ﬁln

3

where -

)_!

1

[}

-]
(8y- L)xy +1
- sym Uxy

1+ (Rgf l)xl + (32- l)x2

_% -1 +.(R2~ l)xl + (R;— l)x2

R2(1'~'82/Rl)x1

T T (Ry- 1%, + (R - L)%,
= = (8, - L)%,

-(sl - 1)xl + 1

Ry (1 - S,/R))x,
1+ (R2 - l)xl + (Rl —‘l)x2

_ Ry 1+ (sl - l)xl + (Rl - 1)x2

- ﬁz } + (R2 - l)xl + (Rl - l)x2

1+ (Sl— l)xl + (Sg’ l)x2
1+ (Sl— l)xloo

 Ml/M;s s, - M,/

By =°5E5A¥Eé5 Ry 569534552

(21)

(22)

(23)

(ah)

(25)

(26)

(27)
(28)

(29)

(30)
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"‘ Bouhdary Conditions
. The straigﬁtforward boundary conditions on the momentum equations o
are:7 7
F=0, G=1 L - (33)
a,t g:IOO’
‘F=0, G=0 o S (34)
The boundary condition. on'the axial'Velocity_at the disk surface Will'be
considered shortly.
The concentration of lodine in the bulk gas is specified, and that
o ;bf*GéIﬂ iS‘zer01m54»‘4;-~;u,;’ e L N
'at“§,=°°, R .
Xy m Xy, Xy =0 o . "’  I (35)
at the disk surface, the concentration of iodine is zero:
st E=0, x, =0 L S N ¢
~ " The concentration offGeIh-at;the.surfacg,_hgyeygp,ﬁgquq@mpg specified.
Instead, a relation between the gradients of X and X5 at z = 0 must be
obtgined from ﬁhe‘stoichiometry of the reaction, Yy which two moles of 12_
are chsumed for every mole of GeIh produced. In terms of the mass fluxes
- relative t¢ the disk surface, -this yields: o ‘ : S
n i| M i - ’ : L )
10 1 o ' S e .
LR . : _ S (371) &
2o 2 S : : '
v,



The fluxes with respect to the mass average velocity (j!) are related to

the ?i by:
Jo0 = g " P Yo = Top " U Po Vo R 0
and
«jlo = nlo : ’ -. ! o ' , (59)
" The mass average #elocity at the surface is:f
Con, .t n. . M
‘ ‘ 0 0 _ 2. '

The ratio of the mass fluxes with respect to the mess a#erage velocity at

the intefface is then:

10 2m) /iy P o
m— - —~ v . : .
J20 1 - a1 - 2My /M) .

The fluxes j,, and j,, are obtained from Egs. .(6) and (7) and sub-
stituted into Eq.(L1). with the necessary dimensionless transformations,

the resuit is:

dx

1y 2
(8gP1o * e10) (G ) = = %0 (&~ ) (2)
where
.+, 1+ (28~ 1)x :
& T 5 (13)
1+ (s.2~ 1)x20 o =

Equation (k2) is the fourth boundary condition for the diffusion
equations.’

The surface boundary condition on the axial component of the velocity
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.
b
IR
i

8.

e

can be cbtained in a similar manner beginning from Eg. (L40). This pro-

cedure yields*  | T ) : "'i‘ "‘4>'] iy
: S (= 8,~8.)p ? Cdx o ,
H(0) = Nl~,' [ 2 "2 Alle st (EE'];)O . (k) o
Sclal (1 + (85~ 1)%y4] J | ;

_The éomplete theoretical solgtion to thé diffusion convection préblem is
the éimﬁitaneous solution of Egs. (lé) - (20) subject to the boundary
conditions given by Egs. (33) - (36),»(&2) ahd (LLY. -

The desired'resuit is the iodine flux at the‘interface,ywhich is

directly related to the measured rate of welght loss ¢f the germanium

" disk. -The former is:

| @15¥1b10 - Xy

Y [ ) ,
. nlo = ",\[;: RT [L + (32_ l)xgé] ( ag %)7.. - ) -

Lo

~ where. the total concentration,:c, has been written as 1/RT for an ideal

gas at a total pressure of i atm. Before cdnsidering the full ternary
~diffusion problem, two limiting cases will be considered: a reactant

gas consisting of dilute iodine in the inert carrier gas, and a pure

iodine reactant. s e - L L Ll

The Dilute Gas Limit lef§0

In this case, the feed gases consist primarily of inert diluent with

[ PRI S i . .o . )
X% . PR . .

In Eg. (44) and the previous development, all velocities are mass averazged;
while the concentration units are mole fractions. Most other analyses of -
the interfacial velocity effect,B’)'utilize mass fraction units with mass
average velocities. The ‘B of ref. (3) and the ¢, of ref. (5) are equal to =~ ¢

~ ;‘-_b'-?
the term in the brackets of Eqg. (M) multiplied by the convergion from mole

i

fraction gradient to mass fraction gradient, which is M1M2/ Y

@



a small concentration of lodine; Xl and x2 and their gradients approach

zero at all points.

Tn the momentum equations [Egs. (16) - (18)] , the density ratios

_are all unity and the interfacial velocity boundary condition, Eg. (Lh),

reduces to H(0) = 0. The momentum equations are completely decoupled
from the diffusion.equations:' A nuﬁerical solution for the axial |
Qeiocit&,AH<§); is availéble.7v -

Tékihg the limit af.the coefficiénts By e egfithe diffusion

equations become uncoupled from the momentum equations and from each

.other: o
} . . . 2 )
“dx ax, .
. 1 1 : R : :
N H(E) —== : ' 3 , (46) .
,Scl3 ag -d§2 , C S |
. . . 2
dx CdTxt
Ny H(E) wS= o (1)
Seps3 TS ~

The iodine transfer rate can be obtained by solution of Eq. - (L6)
subject to the boundary conditions given by the first part of Eq.(35)
and Eq. (36). Equation (47) need not be considered unless a value of Xng

is desired. The iodine flux expression, Eq. (h5);.reduces to:

- o8 T L : Lo ‘ : '
10T "Wy, TR ( & 2) B | (48)

The numerical solutions to Eg. (46) using thé tatulated values of H(E)
has been obtained previously for a large range of Schmidt numbers.

However, a sufficiently accurate anelytical solution in the Schmidt num-
. , ' b o
ber range of interest here (1 < No . < 3) can be obtained by a linear

&PPTOXimétion to the function H(e):



© 210

.F(S) - eldg - o | | o (49)

P ﬂ :_' A‘. - The subscript id denotes infinite dilution, where variable density and
" interfacial velociﬁy effects are absent.

' Figﬁre,l compares the eXactAvelocity pfofi]e with the linear approxi-

matlon, the slope of which bas benn‘chosen v1sually as 0.25. The solution

of Eq. (L6) with the veloc1ty given by Eq (L9) is:

ax. 2€,, 1/2 ,
1y ¢ Ha o 1/2 1/2 ~
'( ag ) = T ) _ NSc15 xl = 0.ko N lé ?lw : (50);

Equation (50) is lessthan 1% greater then the exact solution at 2

‘Schmidt number of unity and~ll% high at a Schmidt number of 10. Its

' ‘accuracy is well within.the experimental precision for Schmidt numbers

between one and three. e o e e

- Despite the existence of an exact solution, the solution based upon

“the linea}'velocity profilé has been used for comparison of theéry with
experiment for the following reasons: First, the dependence of the V'am,e
-upon‘fhe experimental paramet rs is exp11c1t and ea51ly seen. Second,

“.—.- - . _ the linear velécity profile permits an estimation of the variable density

éffect to be made without reSortingrté-m?cﬁiﬁémbémphtation.‘ This calcula~ . _° -
. tion will be discussed later.
Insefting Eq. (50) into Eq. (18) ana converting n,, to the rate of

: - 5 . -
weight los; (m = ey oML By o X10 /QM )}, there resqltsf
3 O 1/2 0k72

R ( 2€id> /2 hgyqigex 10 13 X1 (51)
e\ R - T - o

The bracNeued ‘term in Eq. (51) is a - numerical constant w1th a value of

=O5 ng- ﬁ/cm for a B/h” diameter Ge disk.

e
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An interesting feature of Eq. (51) is that the rate is.independent

- of the viscosity of the gas. This behavior is a direect consequence of

" " the linear velocity profile.

Another characteristic of the above expression 1s that the rate is

nearly temperature independent as well. The diffusivity bf the Ar-12

'system,has been estimated from the gas kinetic theory method with force

constants for the Lennard-Jones potential taken from viscosity data,
(See Aprendix B). This procedure yields a diffusion coefficient at 415°C
of 0.3L cmg/sec, and. 2 temperature variation as -8 e ratio & l/2/T

0.1
varles as T , and the Lheoreulcal variation in m over the range

~360°C- M60°C is 3% Since the precision of the data-is at most 5%, this .

variation could not be observed. The constancy of rate with temperature
in the diffusion liﬁited regime 1is evident from Fig. A bfbthe previous
paper.b At T = L25°C, @ = 93 sec™ and X = 0.125, the ﬁredicted rate
is 0.52 mé/sec. " The oﬁserved rate was 0.575%0.022 mg/sec over #he range
360-460°C., The theoretlcal prealctlon is 9.6% low. | |
The vgrlgtlon of rate with disk speed is shown on Fig. 2 and compa{ed
to the prediction-of Eq. (51).> At speeds bélow 800 rpm, the discrepancy .
between uheory and eyperlmcnt is large and most probab ly due to patural
convection effects. Abovc 900 rpm, the exparlmpn+al rate follo's the
Ql/g predictioﬁ of Eq. (51). Again, he xperlmental date fall ~lO4
higher than_%he theory. |

Equati&n (51) predicts that the'raté should be directly proportional

_to the inlét iodine mole fraction. Although the concentration at which the

effects of variable density, multicomponent diffusion.and interfacial velo-
CWtj bec;n bo distort the linearity of the infinite dilution approximation

is not known, Fig. 5 of'the previous paper indicates a direct proporticnality
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between m and Xlw up to X, ~ 0.22. The slope of thé_line tﬁ?ougﬁ fhe‘
P ~ experimental points is'abeut 15% greatef than the slope predicted by
Eq. (51). | o
Itvhas been dembnstratéd thét thé'ordéf of magnitude égreement-be—
vtﬁeeﬁ théory‘and experiﬁent_ih the‘di}ute iodine,région is within lO—lj%;
" The predicted dependence on disk séeéd, temperatﬁre, and iodine COﬁcen-
tration also'égree vefy well with‘thedry. The effect of aiﬁéring'the
diffusion coefficient while mainﬁainihg'all.other parameters constant
§“£:; k:5j¥ v' r(by changing the diluent from argon to helium) will be discussed later.
| The agreement between theory and eiperiment in the'dilute gas region
j',! o o : substantiates fhe.two maJor assﬁmptioné of the theoretical analysié:
,,,,, :‘Fgrst{vthgt the diffﬁsional'resistancevis that‘prediC£ed from the hydro-

- dynamics of an infinite rotating disk;.second, ‘that the iodine concentra-

~tion at the disk surface is. zero. The 10-15% discrepancy between the

is the effect‘of the protrusion of the disk above the ﬁdlder, which adds
~16% to the totél area of exposed germaqium pompafed'to the flat surface
- of the disk. H@weyer, the flow in the region of,the_edge should be
g.' - L reiatively sluggish compared to that én ihe hbriéqntél surféce,'éné a
full 16% in;reaéerin the mass transfer rate &ould not be expected. It
~is possible thét ét 900 rpm (where most of 'the data reported here Qére.
"7: B | ) | taken) tﬁerg‘still exist resicdual natural convection effects which aug-
ment the_fogced convection mass trgnéfer. Effects sucﬁ as viscosity |
, variations in the bopndary layer and the accuracy of diffusion'coefficient

. estimates may also contribute to the discrepancy.

In the analysis of transfer in concentrated ilodine gases, the ab-

solute value of the iodine flux at the disk surface will not be computed.

measured éﬁd'prédicfed rates can be due to many causes. The most probable’

&

“x

©



Instead, the flux per unit inlet'iodine_mole fraction divided by the same
w quantity as Xlﬁ;)o in*aréppgwill be calculated. This ratio is defined as
= R P(xlm), and is a function off the inlet iodine mole fraction and the nature

of the diluent gas:

(o) (n/ X 1)

Foe) = 7 RGN
Co S0 Tl x Joo/x
T e T o

(52)

The parametef Pvis'effectiQély the ratio of the maés-transfer co-

-efficients in the concentrated and dilute reactant gas regions.

| This method of coﬁparing theory and experiment'has been chosen for :?
the foliowing réasoﬁs: First, the geometrical and mgchanicai factors
(such as the effect éf the protruding edge of the disk) which contributed
to the.lO—lﬁ% diserepancy between theory and experimenf iﬁ the dilute gas
regioﬁ are present in both numeraéor and denpminator‘of Fq. (52)'and tend
e cancéi; the ratio method isolates the effect aue solely to alteration
of the inlet gas composition (i.e.;Achange of diffusion coefficient or
multiéomponent diffusion, variable density through the boundary‘layer, and
interfacial velocity). Second, the denominator of Eq. (52) is experiment -
ally well established by the slépe of'the.iine on Fig. 5 of the pre&ious

paper; Theoretically, the denominator of Eq. (52) is given by Egs. (L8)

and (50):
n M 1/2
10 () (2 |
' - - XLBF < ?T) ('ﬁ ) €4 (53)
* leoss 0




1l

refers to the diffusion ccefficient of iodine in argon.

15

" where ¥

- 1
0

- The Binary Limit X,

Lﬁa'l. the ges. phase consists solely of a mixture

| of 12 and'GeIu; the gas 1s pure iodine in the bulk‘andvpure'GeIh at the

In the limit as x

disk surface.
 The diffusion equations are reduced by setting X+ x, = L Both
Egs. (19) and (20) become:

dx . :
12 1 1 1 . o
= L)

d
o/ € T & | p/e,

o

where'the'densiﬁyAterm is: ' - . o
: y | N S N
A - SR S )
Peo 1 M 4 S ‘

The ratié‘SE/Sl has been written as M2(Ml; S L

The interfacial velocity boundary condition, Eq.(lil) reduces to:

1 1) ‘ .

5 - dx : | , : 4

H(0) = (g-i.—_-?_ ! <3§—1) . . - (58)
Seqp 0 , o ' :

The boundary conditions in the diffusion equation are:

x(0)= 05 xfe) =1 -
Equetions (16) - (185,'and (5%), subject to the boundary conditions giveﬁ‘"
. by Egs. (33), (3%), (56), and (57), are to be solved for (dxl/dé)o; the
" form of Eg. (45) appropriate to X1, = 1 then gives the iodine transfer

rate:
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RoM
b /E T ! , (8) '
10 T AV RT3 ), ‘ - |
' This equation is then used in Eg. (52) to give I' (1). | , B |

Rather than attempt a direct numerical soluticn of the coupled mo- .

‘mentum, overall continuity and diffusion equations, an approximate solu-

tion will be obtained by divi@ing up‘the problem into more tracﬁable
slices. | :
;Thé,ratio (1) differé.ffom unity for three reasons:

(l) the density'ratio in the momentum and overall continuity eéua7
ﬁipns is‘no longer unity; ahd for this reaéon;vthe axial velocity @rofile
can not be'répresénted by the constant property formula, Eq.,(h9).t

- (2) the interfaéial velocity boundary conditién'[ﬂ(o)] is not zero,
as.ﬁith dilute iodine reactant ga.ses bﬁtlis given by'Eq:.(56)l This will
aléo altef £hé velocity profile and consequeﬁﬁl& the transfer rate.

(3) aside from the density effect on H(t), there is a direct effect

of the variable density in the diffusion equation; Eg. (5%). In addition,

the diffusivity in Eq. (54) is‘ﬁhat,of iodine in GéIu rather than iodine
in argon.
To -approximate thé effect of variable dehéiﬁy in the momentum and

overall continuity equations, the axial velocity, H(E), is obtained from

 Egs. (16) - (18) with the bouhdﬁry condition H(O) = O and the dependence

of the density upon axial position determined from the solution of .the

- binary, infinite dilution diffusion eguation. As before, the resulting

" profile is approximated by:

CHE - - S (%9)
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However, the slope € is in general different from the constant dens-

vlty value, €4

The effect of interfacial velocity is approx1mated from the simul-

taneous solutlon of Egs. (16) - (18) and (5&) wherein p/pCo is set equal

to unity. Equation (56) 1is used as the axlal’veloelty boundaryrcbndltlon.

The solution_totthis type of problem, in which the term (l/E-Ml/Mg) in

‘Eq. (56) is denoted by B or EV,.has been obtained previously for flat

'platej and roﬁating disk geometries. > ‘

The third factor is obtalned from a solutlon of Eq (5L), with H(E)
given by Eq.(59) and o/6,, given by Eq.(55). |

Each of the three contributing factors is determined w1thout regard
to the perturbations engendered’by the other two. This partieular method
of éecoupling the conservation equations was chosen in an’attempt to
avoid-a complete ngmerical‘solution, yet reteain the essential'featyres
of the three major effects. for example, in the estimation of the effect
of variaeie density in the flow egquations, the true density variation is
probably not far from that given by the infinite dilution soluﬁion.
‘Using even a.rough estimate_of p/p is at least preferable tn settlnc
this ratio equal to unity. An additional advantage of his method is that

‘maanluudes of the three effects are seen immediately, a feature Thlch

would be aosent ln the numerical solutlon of the full set.

For a pure 1od1pe reacuant gas, the third facbor can be obtaﬂned by .

tﬁe

insertlng Egs. (55) and (59) into Eq. (54) and deflnlng a new concentration

variable:

T W, o S .
<, z%%ﬂ-(ﬁ -1>xj | - . o |
x, - dm e @

-

(4
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_been given bY Bedingfield and Drevw.
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‘Equation (54) is rediced to:

ETA SNCS

Scl2 2

and the boundary conditions, Eq.,(57),-become:

X,00) = 5 X(=) =0 (e

AL
ax iy M 1/2

: <___];) = L kS (7%) N €NS (63)

o Yoo I

The first term on the right hasvpreviousiy been obtained by Hanna,7+ A

similar treatment of the variable density diffusion'equation_has also 

1

’

 The solution to the infinite dilution (or constant property) con-

"~ servation equation for a rotating disk with an interfacial velocity

!
H

boundary condition given by Zg. (56) is presented graphically in Ref. §,
in which the ratio of the concentration gradient at the surface with the

interfaclal velecity boundary conditions to thét.ﬁithrH(O) = 0 is plotted’

‘as a function of Schmidt number for various values of the interfacial

velocity parameter €, (equal to’l/Q—Ml/M2 in the present study). Here
the gradient ratie will be denoted by F, and the interfacial velocity

parameter as B rather than €, to conform to the notation which has been

utilized most frequently in flat plate studies of the same problem. A
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eross—plot of the results of Ref. 6 iS'preSehted in-Fig. 3, wﬁere it is
seen that F; is nearly independent ofchhmidt_number‘for B values near
unity.  |

The gradient at the diskvsurface whieh inciudeé'ell of the pertinent
effeets_is F, times the gradient given by Eq.'(65j. When this product is

inserted into Eq. (58). and this equation and Eq. (53) inserted into Eq.

(52), the final result is:

(1) = F, 122 Mp/tyfn (/i) ©(6L)
. 2l N, ‘ M /M. - 1 o
N Tid 13 2 L .

The first term on the right is the effect of density variation in

the flow equations, and will be denoted by Fy

A= [T - o (89

The second tezm reflects the effect of 1nterfacial veloc1ty The *Hird

term (1n brackeus) is the effect of the different diffusion coefficient

and variable density in the diffusion equation. It Yill be denoted by F5.

In Appendix A, the momentum integral.ﬁethod_is used to obtain an
estimate of the ratio e/c & ‘which depends ﬁpon the parameters:

B = oo/o, - S (86

and

& = B,,/5 (67)
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The ratio po/pco is obtained from the'éverage molecular weights at the

“surface and in the bulk. &,. is the flow boundary layer thickness for

id
the constant property,vzero interfacial velocity éystem and is equal to
2.56. 6D is the thickness of the diffusion boundary leyer invthe'dilute

 ges system and is given by:

Y I .
By = (W)W )/ o S (68)
e | . S :
>Thus . |
' 0= 0.37 M (69)-
ST P

The.ratg of germanium loss has been measured ét-hl§°C and 900 rpm witﬁ

pure iodine'ihiet gés. Baséd on thrée measurements, .the rate wés

. 3,56i0}08 mg/sec. The dénaminator of Eq. (52) is based ﬁpon the five

ﬁoints,&long the line of Fig. 5 of the previous paéer, and has a vaiue

of h,78iQEl5.mg/sec~gnit mole fraction IQ. The exéerimental value of

(1) is tﬁus! | |
r(l)exp = 0.70%0.03

L )

Using the values of the diffusion coefficients of iodine in argon and
"iocdine in GeI, given in Appendix B, the diffusivity term in Eq. (6L4) 1is:
N, _\/e

12

ET': = O.)-'»l

" The ratio of the molecular weights of GeIh'to 12 is 2,287 and the term
involving Mg/MlAin Eq.(64) is 1.447. The factor F3 is.0.60.
The interfacial velocity factor,»Fg, is cobtained from Fig. 3 with a

value of B = 1/2 - Ml/M2 = C.063. The value of F, is 0.97.
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' The denslty ratio in Eq. (66) is equal to the molecular welght ratlo'

| eof 2 287 and B is 1.287. The Schmidt number of 1od1ne in GeI) (assumlng ‘:fi
ﬁhe'v1s0031ty_of the mlxture,,regardless of coﬁposition,'ﬁo be that'of |
pufe iodiﬁe) is ~l.5 and the parameter ®‘is-9.h2. According to the method(
e‘developed in Appendlx A, “the ratlo e/e 1s 1.46 dnd'the factor'fl is i.El.
At_The ratio I'(1) as calculated by the theory presented here is the product

of F

p Fp @nd F

5
_F(l)calc ‘= (1.21) (0.97) (0;66) = 0.70

. The excellenf agreement between the experlmental and theoretlcal
tvalues of P(l) ‘is in part fortuitous; although the accuracy of the cal-
, culatlonal method is not known, there is bound to be somelerror due.to the':'.
arbitraryiﬁncedpliné of the conservation equations and due to the approxi-
mate method of‘treating the effect of density vafdation in the flew -

‘ equatioPs. For the case of pure iodiﬁe inletigas, fhe errors apparent;y
cancel. | | |

i If the densiﬁy variation and inteffacial-velocity effects had been J
.neglecﬁedrenﬁirely, and the GeI)-I, system considered as a éonstent pros
perﬁ& binary, the predicted valﬁe of r(l) would simpl& have been the
'-equeie fooﬁ'of.the diffusivity ratio; such a calculation wquld have been:in
error by neafly a factor of.twe (b.hl instead of b.70).

In_this instance, the density variationAacts very sﬁroﬁgly to acceler-
ate the fransfer rate. An increase of LT resultslffcm the.densityvferm |
id the diffusion‘equation and an increase of 21% due to”thefdensity
» variation,in the flow equations. ‘ | |
The effeét‘of:inteffecial velocity is small, causing only a 3% re—d

~duction in the transfer rate. The correction factor is less than unity
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estimate of (1) by Hanna's method yields:

D]~

because the mass average velocity at thevdisk is directedvaway.from the
surfacej one mole of Gelu leaves the surfgce for eacb two mqles of iodine
which are brOUght in, vBecause of the germanium picked up by the two moles
éfbiodine, thé_mass of material leaving the surface is slightly greater
than thatvarriving. bHoWever,_since.the masé Qf a single germaﬁium‘aﬁom

is éﬁall'compared 0 that of ﬁ lodine atoms, the effect 1s not large. The

effect would be much greater if, for example, metallic lead were subject .

- to attack by fluorine.

Recently, Hanna has derived a formula for estimating the effect of
variable density and interfacial velocity in gas phase mass transfer at
Schmidt numbervnear'unify (Eq. (36) of Ref. 3). Using the molecular
welghts, éufface and bulk concentrations, and the molar'flux.rétio_at the

surface characteristic of the system in this study, Hanna's expression is:

~ 4/3 o~ A 1/3
m(l-5) | 1.287 |
’(%) 4 ‘ S -1 . 130
e - 1.
[1+5*.1_ m(1 - % ] /9 | |

Since this expression is for constant diffusivity, it must be

corrected for the difference in diffusionvcoefficient beﬁween the Ie—Ar

~and IgeGeiu'system. .This is the factor 0.4l presented earlier. The

M(1),, - = (1.30) (0.k1) = 0.53

Hanns,

This correction is considerably lower than the experimental value of 0.70.
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Between the two limitina cases of dilute iodine and pure icdine re- -~

’;actant gases,. the multlcomponent nature of I -GeIh—dlluenu m1ytu“e cennot

be avoided. In bh° follow1ng treatﬂeﬂu, the calculauﬂonal procedure de-

o velopedvfofﬁthe_case of'pure iodine will be employed. The ratio.T (xlm)
- of Eq. (52) will be determined by independent consideration of the -effects

: cf density variation in the floéw equations, interfacial velocity, énd

J

Aden51ty varlatlop and mu“tlcowponent effects in the dlffu510n equatlons.

The maJor dlfference between the analy51s of the three component

system and.the Ih'GeIh blnary is the.third factor; 1nstead of a single

"dlffu51on equgtlon, theye are now two, and the effect of the alte“ed

dlffu31onal characteristics, cannot be expressea as a 51mple dlffu31v1ty

ratlo, as 1t was in the pure iocdine case.

A new axial distance variable is defined:

‘tw1th the ax1al veLoc1ty approx1mated by Eq (59), the dlffu51on equatvons,

(19) and (20) becoe :
dx

2. 2 (71)
"3?5;]&1@71, 2dn>' 7 <ld€ ._ zd;,

L 8 .Efi + c Efg =‘;§;_' L e, Efl + e‘ 2 (72)
, Q;Qm 1 dqy 2 dg an | o/e, - 1LdE - T2 4%



where p/p, 1s given by Eg. (29). The boundary conditions are given Dy
(55) (?6), and (L2) (1n the last of these, § is replaced by n)..
Eouatlons (71) - (72) have been solved by rechine computation for

(dx /dn) and Xogr @8 functions of x for both argon and he lium'diluents.

20’ Teo

The sodine sur»ace flux is obtained from Eq. (45), which in terms of 7 is:

oS e (AR o
X, N 3T URT) TSI, \ 2 A1 \dN 4

- Equations (53) and (75) are substltuted into Eq. (52) and multiplied by

the intérfacial velocity factor, FE’ there results:

f!" . . R | . \/-
_;<xlm>,=\/ E'i; F, | 3 ( -1)y20 (dn) (71*)

Tﬁe term in the brackets in Eq. (Th) is the factcr Fs, which varies
from unit? at Xy = Ovin.ergon to 0.60 at X,,, = 1. With helium as diluent,
Eq. (7&) must be multiplied by the square root of the ratio of the diffu- :
51v1uy of 1od1ne in helium to 1od1ne in argon to account for the fact that
the "3" in &15 of Eq (73) refers to hellum wherees in Eq. (55), 1t re-’
fers to argon, which has been used as a reference gas.' With hellum, F3
decreases from 2.'18'at'xlCo = 0 £0.0.60 at X = 1o

The first term on the right of Eq. (74) is the factor F, which has :
“been computed by the saﬁe p;ccedﬁre as %as used for‘pufe iodine reactant.

In the present case, the value of pO/pw required for the computation of B !

by Eq. (65) has been calculated from Eq. (29) with x,. = O and x

lO A 20 glVEI)

by the sclution to two diffusion equations. The value of the Schmidt

number for Eq. (69) has been approximated by:



o u*df”“ff".ijxcept~for-£he_limiﬁ;x =1, the theoreulcal results are T- lO%

Sc - Joo: Sc

N = x. / .N + (]_.. x‘lm.) i . : (75)
N N TN T |

~Th1s aoprox1maulon was chosen because it yleldsthe correct llmlts as Xy 6

goes tb-zero and unity. Use of Egq (75) as -an 1rterpolatlon Powmula iis
qonsidered axsatisfactofy means of estlmatlng thelparametgf & 31nc¢ the -

.ffactor Fl is only weakly dependent uppn.® and éll Schmidt numberé lie |

‘between i and 3. | | .

- The factof F2 fepresenting the éffeé£ of inferfacial.véiocity, ié

‘furthest from unity for pure 1od1ne réactanb, where 1t has a value of

':(O 97. FQ: 31mp11c1ty, vglues in the reglon OAS_Xle 1 “have ‘been apppqxi-
“mated'by: | | | | |

v fhé.calculated vélues bf F(xlw) é}e;éhoﬁn in Table»Ilasia function
. of %10 fo?vargon and helium diiugnts. A compariSOn‘of.thelcalculated
vﬂﬁéiges fréﬁ Table I with the.éxperimental resuits isvshowﬁ‘iﬁ Figr ke
vahe confidéhce}iimits shown on the plot repreéént~the precision o? dﬁpli-
cate results. = o |
. . 100
‘~<lOWerfthan_the e#ﬁerimental points.. Thls 1s probably th° résult of the
‘iapproAlmate values of th= tbeoretical calculatlon, especially the method.
'baf uncoupllngvof the conservatlon equatlons The calculated'e”ect of
':dens1uy varlatlon in the flow nquatloqs (the factor F ) is- not as flrmly
grourdea in the mulﬁléumponent reglon'as ;s ﬁge xlm =‘; b}nar . ,In'the
formér,jthe density profile characteristic”of a Sinafyisystem‘[Eq. (A-?)'
| -with po/p | obtained usinq the computer results for x.o] has been emoLoyec}

v Equatlon (A 7) may und°r°5u1ma e the density of the'ternary system in the

- boundary layer, since the multicomponent effects undoubtedly make the



variation of average molecular welight (of'density) wifh'distance consider-
' . P : ) ’
~ably. more complex than in & binary systém[
The deﬁiation between theory and experiment.cannot be_réaéonably
attribuﬁed to failure of the Maxwéll-Qtephan e@uéfions upon which the
two diffﬁsion equations are based. The Mexwell-Stephan relations have
been verified'many times in pufe.molecular diffusion systeﬁé.
Another possibility is that the experimentally determined valué of
the denomiﬁaﬁdr of Eq. (52) is in error. A value based‘upon:the region
0L X940 < O.?O from‘Fig. 5 of the previéus ﬁaper'ha§ been usea, siﬁce,all
of the;points oﬁ this blof appeared to fall on a single‘straight line.
It is possible fhat the slope so obtained is lower than the desired limit-
as Xy - 0, because the expériments have not been ektended sufficiently
deep int9 the infinite dilution region to give a reliable limiting value
of the raﬁio m/xlm, If this‘is so, the experimental denominator is too
émall; were 1t ;10% larger than the value used here,_all of the eXpéri-_
mental ternary points would lie quite close'to the theoretical liné._ The
computed I'(1) (pure iodine), however, Qéuld then be 7-10% too high.

The agréement, howevéf, is consi@ered satisfactory, in view of the '
precision of the expefiments and the approximations involved‘iﬁ fhe
fheoreﬁicai analysié. :

The ohly ofher theoretical method for estimating the~effectlof multi-

component; diffusion‘oh the rate of mass transfer has been presented by

‘ 10 c S s . . . : .
Toor.”  This method emphasizes the multicomponent diffusion effects, but

[N

does not consider interfacial velocity or density changes, either in the

ct

flow equations or in the diffusion equations. This method has been applizd

to the system for which X = 0.5 in argon (details in Appendix C), and pre-
dicts a value of Xpg OF 0.36, compared to 0.42 obtained by numerical solution



,;26_

of the diffusion equations [Egs.- (7L) and (72)]. The value of I'(0.5)

predicted by Toor's method is 0.65. "The theory presented in the study

predicts a value of 0.81 and the experimental value is 0.89%0.04. The

discrepancy in the case of Toor's calculation is most probably due to

not accounting for density effects and, to an unknown extent, to con-

sidering the practical diffusion coefficilents as constants. .
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Table I. Calculated Correction Factors for Transfer.
: in the Ternary Range '

H O O O O O

1o 20 1 o F5 r
- ARGON ‘
0 1,00 1.00 . 1.00 1.00
.10 0.067 1.05 1.00 0.91. 0.9
.25 0.18L 1.10 0.99 . 0.82 0.89
.50 0:42° S 116 0.98 - 0.71 0.81
.75 0.69 1.18 0.98 0.64 0.7k4
.00 1.00 S l.21 0.97 - 0.60 0.70
HELTUM
0. 0 1.00 .1.00 2.18 2.18
0.10- 0.07k 1.1k 1 1.00 1.0 1.60
0.25 - 0.21 . 1.18 0.99 1.03 1.20
0.50 0.46 1.20 0.98 - - 0.78 0.92
0.75 L 0.72 1.21 1 0.98 0.66 ©0.79
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NOMFNCLATURF .

Defineaiby Egs. (21) and (22)

'Su*face area of dlsk e
~ Defined by Hgs. (23) and (2h).
. Tnterfacial velocity parameter, equal to 1/2 - Mi/Mg.

- Defined by Egs. (25) and (26). N .f

3

Total concentration, gm-mole/cm”.

. . ] o s .. 2,
Blnary diffusion coefficient for 1j pair, cm /sec.

:Multlcomponent dlffu31on coeff1c1ents defined by uq (7),

cm /sec

‘Practlcal dllfu51on coeff1c1enbs deflned oy Egs. (C53)-and_

(c- M), cm /sec

: : - : 5 |
»A'lelu31on coefflclent used in Toor's method, " cm /sec.

. Deflned by Egs. (27) and (28).

Dimensionless radial velocity, Eq. (11).

. Factor reprasenting the effect of density variation in the .
momentum and overall continuity equations on the rate, Eq.(65).
Factor representing the effect of interfacial velocity on

. the rate.’ ' '

Factor representing the effect of density variations and multi-

o comppnent_diffusion in_the.diffusion equations on’the_rate.

Dimensionless tangentialjvelocity,'Eq}v(lQ)._

: Dcflned by Eq. (h;)

Dlmen31on]ess axial vploc1ty, Eq. (LB)

R

-Mass flux of component i relative to thé mass average
! , v . g

-

velocity, gm/cm2 - sec.

.Boluzmaq constant .

“_Rate of wewcbt loss of disk, mg/sec.
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Molecular weight.

Atomic weight of germanium.

L ‘ : . o K 2 :
Mass flux of component 1 at disk surfeace; gm/cm - sec.

Schmidt number.

. Functions of @ in momentum ‘integral method.

Radial distance along disk, cm.

Diffusivity ratios, Eq. (31).

Gas constant, e - atm/gm mole - °K.

Molecular weight ratios, Eq. (30).

Témpéfature, °K. .

Boiliﬁg poiﬂt; °K.

Radial velocity component, cm/sec;

Tangential velocity cqmpoﬁent,_cm/sec.
°3

Molar'volume at bolling point, A”.

Axial velocity component, cm/sec. .

‘Mole fraction.

Concentration variable defined by Eq{A(GO).

Dimensionless distance, Eq. (A-13).

- Axiel distance from disk, cm.

i



. L _,Ratlo of flow %o Ql*qulOP boundary lavor thcvn sses.
‘fp‘ Den51ty?vgm/¢m5. | | -
y .pi  :Méss_conéentration of.édmponent;fgms i/Cm5. .
a2 ”'p °<Viscdsity=gm/cm—séc.v |
.!Qr'“ Disk‘rbtational'Speed, sgé—;,
'wlifgﬂgss fréction; |
e Diméhsioﬁlésé axial.distance,'ﬁq; (1557  uw
v  -themaulc v1sc031ty, cm /sec
3é : Slope.ol linear épnroxlmaulon of ax1él veloc1tj‘proflle, also fovce'
~constant in Lennurd-Jones potent;al : :
T " Ratio deflned bv Eq. (52)
" B' f Deflned by Eq. (66). ;
8'u ‘Flo&”BOUHdafy layer thicknesS'(in uhits‘of §)f“ ,
'Sb-~-D1ffu31on boundary layer th1cmnees\(1n unlts of é)
X vnf7v>D1mehs1oqless varlaole deflned by Eq. (70). |
E o vDefined by third of Eqs (A-~ 17) )
% ’.5: .ColllSlOQ dlameter 1n Lﬁnnard-Joncs Potentlal A .,1
o SUB$CRIPTS
_i' =iodine
: ll?j’?_GeIh -
"f _.5:a iD1luent : s
g .CO}“’Dlsk sur;ace (g = O)ﬁ'f " N RS ﬂ.;,~r - - ;:-x G
- V_Bulk-ga$v(§'='®) o . ~; ' i .
id ‘Infinité€dilétion, (cdﬁstanﬁ properties, zero inﬁérfacial velbgity)

=30~

© v GREEK LETTERS_

SN R
S SUPERSCRIPTS

Differentiation with respect to &




=

N W

S 10..
S1L.

12.

- Ol-

REFERENCES™

ediﬁgfield,-c. H. and T. B. Drew, Ind. Eng.‘Chem;, b2, 1164 (1950).

Bird, R. B., W. E. Stewart, and E. N. Lightfoot, Transport Phenomena,

John Wiley and Sons, New York (196h4).

Hénna, 0. T., AIChE‘Journal,bggp 706 (1965).

Hanna, 0. T., AIChE Journal, 8, 278 (1962).

Olander, D. R., Int. J. Heat and Mass Trans., 5, 765 (1962).

Olander, D. R., ASME J. Heat Trans., 8hc, 185 (1962).

' Schlichiting, Hermann; Boundary ﬁayef Theory, hth Edition; p; 83,

McGraw-Hill Book Co., New York (1960). . _
Sparrow, E. M. and J. L. Gregg, Jl. Heat Trans., 81C, 249 (1959).

Sherwood, T. K. and R. C. Reid, The Properties of Gases and Liguids,

McGraw-Hill Book Co., New York (1958).

Toor, ‘H. L., AIChE Journal, 10, Lh8 (196L).

Toor, H. L., AIChE Journsl, 8, 561 (1962).

-

Van Karman, T., Zeit. fur Ang. Math and Mech., 1, 233 (1921)

(See also NACA TM 1092).



=32l

| APPENDIX A - Momentum Integral Method for Estimating the Effect of
o : S ~ Density Variation on the Axial Velocity -
' In order to solve Egs. (16) to (18) for the velocity component H(¢), an
’ éstimate‘of'ﬁhe,variation of the denéity‘with’dfstanCe is required.‘,This
T;_will'be.obtainédbbyja momentum inﬁegral solution of Eg. (5&) in which the -

effects of density variation are neglected and the axial veibcity'profile

' iSzapprOXimatéd‘by.Eq. (49). Equation (54) reduces to:'_ _f'
, 'dxil d?Xl: ‘ ’
- €., N £ —= = _ (A1)
1d 8ey, € lar .

" subject to boundary conditions given by Eq..(i?),‘ In.ad&ition,‘a diffusion

boundary layer of thickness &

D.(in'dimensionless'units)'is assumed, at

7 which point . : _
(=) =0 S (A-2)

, . At/ : : v -

";In‘additioﬁ,TEq.'(A~l) also re@dires that at ¢ = 0:

dzx'

( dg%;g;=yoil . V. A s

© Assuming a cubic concentration profile, the four conditions provided b
. . : & 2 TEER .

 Eas. (57 ;);,(A-%) and (A-3) yield:

el ‘(1.;/59)5 B G0
. UIf this expression‘isﬁinserted.in the left hand deri&ativé’of Eq. (A-1),

" - ‘ .‘ / - . ‘ N ) ) N » )
© the entire equation integrated from ¢ = 0 tc ¢ :vaD, and the gradient at

¢ ='6D.set,equal to zero according to Eq. (A-2), the diffusion boundary

layer thickness is found to be:

\fx'.
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For a ccnstént temperature binary.miiture,vthe4density-function implied
by Eq. (A-L) is obtained by noting that:
= ¥e = M -(M_ 21 ‘

p = MC [l‘f2 (12 JI.l)xl] C |

Py = MCs5 P, = e : . , (A-6).
This yields: | | A - |
| e LD

LI (-9— - 1) (1 - ——§—> o (A-T)
o] : AP 8D ) . . C

A measure of the accuracy of* this solution can be obtained by computing the

gradient at the surface.frqm Eqs. (A-%) and (A-5):

(dxl ) 1/2 o

—~= | =0. 867 ( ) - (A-8)
dg id” SClQ

'Thevexact solution yields the same form of eguation, éxcept.thdt the

‘numerical constant in Eqs. (A-8) is (2/ﬂ)l/2 = 0.798. The momentum integral

v method.overestimatesvthe transfer rate by 8. 6%.

| The effect éf neglecting the density ratio in Eq (5h).in oﬁtaining
i Eq.v(ATf) can be'éssessed by comparing Eq. (A-7) to the solution of Eg.
(61), in which the p/_qDo term hés been incorpérated iﬁtb'ﬁhe variablé

X,. The exact solution of Eq. (61) is:

. | o s el o ' .
| " fn .—O— = /n f:Q._ (];erf ..._,_.s_.c.:_].‘_?..._\\l/Q e . Ny (A_O)
e ° z‘ e ) o
c Moo . : .

A momentum integral solutlon to Eq. (61) can also be ootalned as:

Va

: Q
.—@.—: .-9-‘ _._.s...
2 - oo () (1 )

o

C (A-10)
J



 where 5D'is ggéih given by Eq. (A-5) with cia replaced by . Note that

Bq. (A-T) is,thevfifst term'in'ﬁhé!Tayior7series expansion of Eq. (A-10). e

© A direct comparison of Eq. (A-9) and (A-10).with Eq. (A-7) cannot ve
‘made, since the parameter ¢ is not vet known {e is the -end result of the
solution of the flow equations, for which we are now seeking an appropriate

‘density function). However, if ¢ in Eqs.. (A-9) and (A-10) is approximated
ensity & ‘ e s , . ,

/

~

: b& eié’ the thréé expréssions céﬁ be compared; thg.reéultSfare shown in
vvvFig.."j ‘forrv'Néc =1, 0y/e, = 2. ‘This plot suggests that »Eq,' (A-T7) over-.

' estimateg the deﬁsity aﬁ all pgints invthé boﬁndafy layer. Nevertheleés,
1t ‘is cl_e_ai« that Eq.. (A-T7) is a better représentatioh of the density
':Vériatioh with distapce'fhénAa uﬁiform val@e»of unity._ll

The homentﬁm iﬁfégral ;olqtion éf:the moﬁenﬁum:and dverall continuity
Ji:equaﬁioné folloﬁgthegofiginal computatiOn ofVVOn Karman]_L_-2 e#cept that
denéity véiiation_according td.Eq.‘(A-7) is inqluded. “For the variable

dehsity,éase, the' equivalent- of Von Xarman's Eq. (26) is:

_ “z,ll- [; @;)F,(Y)G(y)‘d‘\}‘  = ,', 21.2_ <%>o: ﬁ ‘(.AV—12_‘)

;ff wherei8:i$.ﬁhe»flowvbéuhdary layef'thickness and

S
.,‘In terms of the distance variable Y, the’densityiratio’employéd in Egs.
(A-11) and (A-12) is:

p

o0

[

Ceews o e

£ sisp ey k)

Cag
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‘where

o= 5/5, © (A-16)

SinéevKf (A-1#) is valid only for &y <1 and the integrations in Eq.
(A-11) and (A-12) éﬁtend to.y =1, it is necessary that @bf 1. TFor a
Schmidt ?umbef of unity, & = 6.93 5y'Eq. (A-5). Since B4 = 2;56_for
the constanf density case, fhere is no problem in satisfying the condition

o<1

‘Following Von Karman, a fourth order pclynomial in y is assumed for

F(y). The five constants are determined by:

F(0) =0 - - (from original boundary condition)
(—7§ =a1 (from differential equation with
dy 70° o © F(1)=0, H(O) =0, ¢(0) = 1)
dF ' . L
=~ =q . (constant to be determined)
dy : : S
0
4.F(l)i= o -~ (from original boundary condition)
ary ey -
<7— =0 - , (auxillery condition) (A-17)
N\ | R R
The yields: v
CHy) =y -y e+ (-5 1 0 o (A-18)

Similarly, the four constants for the cubic approximation to G(y) eare

obtained from:

- ¢(0) =1 o (original boundary condition)



N S : ’ : »
(g;g)» =0 ’ (from di¢fe*ent1al equatlon ”1th
Ay o - H(0) =0, F(O) = ) :
(1) =0 * (origifel boundary condition)
| R . (A-19)
< ) Oiv ,(auxillaryvconditioh)
This yields: o _ _ . o
o | L R o o .
oly) =323y + ) . (a-20)

Equatiéns‘tA-lh), (A-18) and (A;QO) are subétituted into Eés..(A—li)

2 and (A 12) tne 1ntegraulon and dlfferentlatlons are per¢orned " This yields

two alcebralc equatwops wnlch must be golved for the ‘unknovns ¢ and 3 |
»:in‘termS”of_the density Vaééatlonvparameter B and @. In_Conformlty‘With
“the cdncept of using known-infihité.dilution resulté to generate the"
~ in§u£ paran ete”s for the a6551ty vaflatlon, the flow boundary layer

.iithickﬁessz 1n Eq. (A 16) is not Lreated as an unknowm but is assigned the
fconstant dcn31ty value of 8 f.2;563,;The results 1ndicate that this is

a satls?acto*y aonrox1matlon;usinCe,a and d are slowly varying functions

‘; “ of B and @ o ‘};,7~7

After con31derable manlpulatlon, the’ solutlon can ‘be put in ‘the form:

) /e 71-+7a @q
8- 258 — S (ae2)
{<a/31d) [1+8 Qg(o ]}1/2 T »

[

. From the'present cbmputation, the constant density values of & and 3 -

arez:

i



37

o 1.0%h

id

[

%4

[

2,56

id
The functions QA @ Qg(@ are polynominals in ¢ which arise in

Von Karman obtained 1.026 and 2.58 for<a{'nand-6id respectively.

a the course of the calculation. They are plotted in'Fig. 6.

The exial velocity, H(y) can be obtained by integration of Eq. (18):

H(y) = —'55%— é'y ( g f) F(y{).dy' | ‘(A—25)

‘whére p/poo is given by Eq. (A-1k)end F(y) by Eq. (A-18). The constants
o and & are given by Egs. (A-21) and (A-22).

For B = O (constant density), Hid(y),ig given b&:.
Ho(v) =:-2(2.563>[o.5170y2—o.1667y5—o.5255yh+of5136y51 o (a2k)

" where o S ot =.2.565Y

For the system with pure iodine in the'bulk and puré GQIA at the

n

'Surfagé; NSc- 1.3 (as~um1ng Lhe v1sc051ty to be that of pure iodine),
: A =
@ = 0.h2 ana'B

)i

1.287. - Using Egs. (A—El) and (A—22), uhCSE parameters

vield o = 1.094 and S': 1.8h3, The ax1al VelOCluy‘lS given by the function:
H(y) = ;2(1;843)[1.2510y2-o,9726y3-o.9158y”+1.h252y5-o.7o7hy6
+0.1955yT-0.02015° 1/ (141287 (1-0k2y)? ] (A-25)
"whérg T p = 1.8l3y | | o

«

Equations' (A-24) and (A-25) are olotted on Fig. ,7{€
Rather than empIOy the entir .- (A-25) . in the. dlffM51on equa bwon,
the velocity profiles are approximated by a_sbralgau iine, as in the

treatment of the dilute gas limit:
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CH(E) = - & R o (A-26)

rwhere e.is aporoylmataa by uhé‘;afié'of the velOCify‘at thé eige‘bf thé
_A flow bougdary‘layer to tﬁe thickness'of ﬁhe.fldw bouﬁdary layéf: )
o e=aEB) ()

Theéebapbrqximgtions aré also.shoﬁn on Fig. 711 The_value‘of:eidi

’comp@ted b&_thﬁ;method is 0.277, compared to the value of 0.25 obtained i'

"5& visual fitﬁing of'the exact sOlution:. However, despitebthe 10%

discrepahcy between the exac and.momentum 1ntegral flgures for €. sq7 the

’ratio_e/eid,,in which‘both slopes are calculated_by'the momeptum‘lnbegral

method, shéuid ge a reasonably_accuratg‘esﬁimation-of the.true'rati01

- This ratlo is given by

( ld) [1 + 8 (0) !// :.+ B2 @)51 '.v B  (n-28)

; The functloﬁ Q (@) is plotted oq Flg 6
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of GeIh of 617°K, and from Eq. (B-2), a force constant e/k of T50°K

_59_

APPENDIX B - Physical.Properties at 415°C |

Theiprimé:y_physical'proper 16; rcqulred are the iffu51on coefficients
of the binary pairs included in thé'tgyn ry.systcm I —CeIL—dlluenb.

D1f¢u31on coefflclenu‘ have been estimated from klneulc tﬂeory by *he.
method of,Hirschfelder, vhich is based upon the Lennard-Jones.potential.
The force constants for the pOuentwal have been obtained from gas phase
viscosity data for Ar, He, and. 12, and~are tabulated in Ref. 9. For

GeIu, the force constants have been estimated by

.

‘s = 1.18'v%/5' o ' (B-1)
efs £ 1.21 T L S (B-2)
The molar volume of GeIh hes been taken as the sum of tne estlmatea
molar volumes of Ge and two 12. The molar volumeg of Ge has been assumed
equal to that of Br (which is 27) since the two have éimilar atomic

weights. The molar volume of 12 has beén taken as 68; the molar volume

of Gel) is estimated as 163, and from Eq. (B-i), the collision diameter

| is 6.&5&.'  - R

No boiling point for Gﬁiu is available, since the material sublimes
at atmospheric pressure. An effective "boiling point" has been estimated
by assuming the ratio of the '"boiling"” to melting points of Gel) to be

the same as the tetrahalides of silicon. This gives a "boiling point"

The calculated diffusion coefficients are shown in Table II, together
s 4 : . oo, PR T v > ad 3 '
with the exponent n in T  characterizing the temperature variation, and
the Schmidt number. The kinematic viscosities at 415°C used in estimating

. s . .2 2 2
the Schmidt nurber were 0.535 ¢ém /sec, 4.84 em /sec or 0.073 cm”/sec for

Ar, EHe, and 12 respectively.



" Table II Diffusion Coefficient and Schmidt Nurbers
- . . at )4'150(: ) s . :

el T ‘ "+ Temperature R ,
e Blnary Loy "c-m2'/sec;-, . Variation =~ . o N.SQ L
L ~ninT) . o R

2

n ko).
L LL6 L6730 (ailute’l, in He)

ook o  '\‘_ 1.7 (dilute I,
‘ b.osvf" .  “~12,oo:]ff-. 1.3 (dilute GeI, in Ié) -;;vfff
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APPENDIX C. Toor's Method

The transfér rate for a tefnary mixture is given.by‘E (33) of Ref.
10. With the mass aVefagé.vél&ciﬁy as”the.rgferencevvelocity,'the flux
is_also in mass units (i.e., the left hand side éf"Eq{ (33) of Ref. 10 is
.hio) and thé copcentre tion units on the right hahd.side gre mass per unit
Volume_(equal to C.Mixi for an ideal gas). For ﬁhe rotating disk systen,
the mass traﬁsfer coefficients in Eqg. (53) of3Ref. 1O are- proportional to
the square root of a?p?bpriate diffusion coefficients. _Aside from a constant
faétor, the form of Eg. (33) of Ref. 10 applicable tb_the systém under

consideration is:

Ml\/D—T;‘Axi—%ﬂL\/‘@-\/%}[Id( D)Ax; DJ[\XJ:{ (;-1)_

The driving fo?ces are: Axl =‘—xloo and Ax2 = Xy When Eq. (c-1) is
written for i = 1 and i = 2 and the ratio nio/n20 given by Eq. (37), the

following reTation for the determination of the unknown %50 results:

m \ /. m . »
'V‘(‘Di 2_ )Mlm?'e‘g}%

1o

: . N /—; : ) ' .
%o L |V VD }KDm ) Dm}. Y20 M om J (c2)
BANCE 2 xlw: sz 21 ,
The D?. required'in the above. relat¢on can be obtained by COMDar”nn the
defining equetion (Eq. (2) of Ref. WO) with B3s. (6 ). 1 L (7) this paper
(the first term on the right of Eg (2) of Ref. 10 is equal to the J; in

(6) of this paper). This ylelds:



Lhoo

oo __EIT i /7)- 1 A.é? d 4o A M o -
Dy, k= Z,fxl' 2§_b37+:x2 “12 12.+ 3 ~12 13] (c 5}
o e _ _ . .
D= —;7_' (/ M : _ (C-k)
12 EZT 155 12‘2/\"'.   o |
oM andLZ?'are giﬁen by Ecs. (9) ‘and (Tf) Dression for Dg and.Dgi can

" be obtalned by 1ncercnanvlng the SubSCTWPuS l and 2 in Eqs. (c-3) and (C-h).

The same practlcal dlffus1on coefflc1ents result if Eqs (26) of Ref 10

(Whlch are . based on a mo]ar averace reference veloc1ty) are converced to

. by the metnods pres;ntea in Ref ll The coeff1c1ents Dl and D2 are

'=obta1nea from-Eq. (21) of Ref. 10 wlth the larger D associated wiﬂh the

larger D?i. Following Toor, the concenuratlons in qu. (c-3) and‘(C-h)

weére taken as the average of the terminal mole fractions (i.e. Xy ;'1/2 X

and x, = 1/2 xéo for this case).

2

" For a given value of Xy o7 the unknown,xéo is obtained by solution of

Eq. (C—2).:-A trial value of x,, is chosen and the required 6 diffusion

20

coe;flcwents compucec. The left hand and rlcat hanq 51de of Wo (C—2) are’

then'calculated. If these two are equal, che trlal xzo is: correct, 1f n0n,

. a new X is chosen and the pvocess repeateq

20

Once x

_20 has been obtained, F(x ) of_Eq. (52)-cacvbé cbtained. - The

1

-*denomlnator of Eq. (52) can be obcalned from Eq. (C-1) Byiletfing'x ~and

X, g0 to zero. This yields

¥

| <xlo> S O WDy M 'f (c-5)
A P _ o
The nurerator of Eq. (52) is obtained by dividing Bq. (C-1) by x, . The
result is - o
‘ o HS of Eg. (C-2) - ' '
i) Rl e - (c-6)
_ Toor - . NOE

13
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Fig. 1
Fig. 2

Fig. 3

Fig. 5

Fig. 6

Fig. 7T

R

FIGURE CAPTIONS

Exact and approximate axial veloclty profiles on’a rotating

disk.

Variation of rate'with disk speed --h15°C, iodine inlet mole

fraction of 0.126.

n

‘Effect of interfacial velocity parameter B on rate.

Comparison of experimental and theoretical I’ values - his°c,

900 RPM, variable iodine inlet mole fraction.

_ Sc
(A-7), (A-9), and (Aglo><

‘Density profiles for N, =1, po/poo = 2 according to Egs.

Tunctions required for momentum integral computation of
density variation effect on rotating disk flow.

Axial velocity profiles obtained by the momentum integral

. method for B = 0 and B = 1.287, & = 0.k2,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



11 HIHIIN






