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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-

facial velocity, and multicomponerit diffusion have been considered. The 

theory has been compared to experimental data obtained for the I 2·-Gei4-

diluent system. Absolute prediction of the transfer rate in the dilute 

I 2 -Gei4 region was within 15% of the experimental results. In the con

centrated reactant gas region, the conservation equations were solved by 

an approximate method which permitted the effects of density variation 

in the flow equations, interfacial velocity, and dens~ty variations and 

multicomponent effects in the diffusion equations to be evaluated inde-

pendently. Theory and experiment were compared by examining the variation 

of the ratio of the mass transfer coefficients in the concentrated and 

dilute reactant gas regions as a function of iodine concentration. For 

iodine mole fractions between zero and unity and helium and argon diluents, 

the theory ~as consistently 7-lo% below the experimental data. 
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INTRODtJCTION 

In the previous paper, those aspects of the germanium-iodine reaction 

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

limHE;d region vrill be considered in detail. 

The measured rates vrill be compared_ with theoretical predictions based 

on solution of.the conservation equations. The combined effects of density 

variations in the boundary layer, multicomponent diffusion, and interfacial 

velocities on the rate will be demonstrated theoretically and experimentally. 

All experiments were conducted at 4l5°C, in the region of complete 

diffusion control. Since the reaction between gaseous iodine and ~olid 

germanium is essentially irreversible, the concentration of iodine at 

the.germani~~ disk surface is zero in all cases. The sole product of the 

react~on is gaseous Gei4 . The system is assumed isothermal and viscosity 

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

simplifications are· entirely valid: The buL~ gas phase was. -20 o C ·hotter 

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

the bulk to Ger4-diluent at the disk surface is probably accompanied by an 

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

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

partially nullified by a temperature effect in the opposite direction. 

Similarly, natural convection effects .super:!.mposed upon the. for,ced 
) 
j 

flow becau~e of the unstable temperature profj.le have been neglect~d in 

the theoretical development. The range of validity of this assUmption 

will be assessed \·Then theory and experiment are compared. 
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Conservation Equations 

The momentum equations governing the flovr about a rotating disk are 

those appropriate to an axisyrrunetric, cylindrical geometry. For 

compressible flo'N", these are: 

radial component: 

(1) 

where 

'V •. v = ! ~ ( ru)+ dw 
r or dz (2) 

For the rotating disk system, the radial pressure gradient is zero. 

angular component: 

[ 
d . dV 

p U if: + W· OZ + (3) 

In Eqs. · ( 1) and (3), the .viscosity of the gas is assumed constant at the 

bulk value. The overall continuity equation is: 

1 
r 

d ~ c - - -
~ (pru) + dz (pvr) = 0 - - ( 4 )-

Since the system-contains three components, tv.ro species conservation 

equations_a~e required: 
I. 

pv • 'V ro. = - 'V • j. - ' ~ -~ 
(i = 1,2) ( 5) 

The relation bet-vreen the j_i and the multicomponent diffusion coefficients 

2 can be \orritten as: 

.-, 

\,I 

. 'li' 
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.3 
2: · M.M D "k Y'xk k=l ~-K l. . 

The multicomponent diffusion coefficients·are related to the binary 

diffusion coefficients by virtue of the Maxwell-Stephan relations: 

D •• = 0 
~~ 

D12 =cb'i_2 [l+x3(cVi3~/M2-J/}_2)/J'l J 

Dl3 = J)l3 [ l +x2 (J)ll2M2/ll) -Pi_3) jjj J 

D21 ~ o0j'_2 [l+x3(P23~/Ml-.JJi2)/p J 

D23 = cf/23 [ 1 +xl Cctr2Ml/1'1) -~3) /h ] 

Mole and mass fraction are related by 

ill. . = M. X • /M 
~ ~ ~ 

where 

(6) 

(7a) 

(7b) 

(7c). 

(7d) 

(7e) 

(7f) 

(8) 

(9) 

In an isothermal, ideal gas system, the total concentrati~n, C, is 

constant and 

p =' .M:c (10). 

Dimensioniess Equations 

Before setting out the boundary conditions, the conservation equation 
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will be non-dimensionalized.. Since on a rotati11; disk, the concentration 

varies vdth axial position only, p = p(z) and xi== xi(z). The velocity 

components are non-dimensionalized by: 

where 

and 

U== rDF(S) 

v = rDG(0 

w = ..r;;-rr H( ~) 
00 

\ . 

.( ll) 

(12) 

(13) 

(14) 

(15) 
j~ - . . 

-+-c-"-c--~- ~-~-- ~- _ with_th_(:!s~transformations, Eqs. (1), (3), and (h) become: 
t~. ' ' . . - ~ - ~-· ·~- ~- --- --- -- -- - . 
[) 

~~ 
r.~ 
(,.-; 
}'\ 

l'~ 
" n 
'• .,. 

·. 

(16) 

2(pfp )FG + (E- H) G' = G" 
. oo poo 

(17) 

-
2(pjp )F + (.2... H)'. = 0 

oo . poo 
(18) 

Except for the density ratio sprin.~led throughcn.:tf; these reJ:ati·ons· 

are those given by Schlichting.7 · 
; 

Converting _the mass fractio~s on the left of Eq. (5) to mole frac- . 

tions by Eq. (8), the diffusion equations become: 

N
8
. H( s) 
cl3 <Lx2) d [ 1 dx~ . d.x2 l 

-:;-;:-- = dt' -::.-r:::- (bl-d. + b2 -d. ) 
Q~ · S _ P; P

00 
~ S j 

(19) 

. N
8 

E( s) 
· cl3 

P/Pr:r. 
(20). 



' '. ,.., 
1) .... 

.. , 

·d 
~~ 

' , .. 
.. 

' ' 

' 

; . 

I ' 

i 
'· 

: ·: .. 
; . 
il. , ... ,. 
' ' 

; 
:. 
!', 
''· 

1-', 
:I ,. 

,., 

.., 

'\'There 

I' • 

.. .. 

-5-. 

a == - (s - 1)x 2 2 1 

b = 
1 

e = .1 

1' + (R2:- 1)x1 + (s2- 1)x2 
1 + (~- 1)x1 + (R1- 1)x2 

R2 1 + (s1 - 1)x1 + (R1 - 1)x2 
e2 = R1 . 1 + (R2 - 1)x

1 
+ (R

1 
- 1)x2 

1 + (s1- 1)x1 + (s2- 1)x2 
1 + (s - 1)x 1 1oo 

S = M /M_; 
1 . 1 5 

. (21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

("32) 
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Boundary Conditions 

The straightforward boundary conditions on the momentum equations 

are: 7 

at ~ = o, 

F = O, G = 1 (33) 

at ~ = co, 

F == O, G == 0 (34) 

The boundary condition on•the axial velocity at the disk surface will be 

considered shortly. 

The concentration of iodine i:q the bulk gas is specified, and that 

-of-Gei4 i-s· zero:- ~- ·. 

at ~ = co, 

' X == X : .1 loo 
::: 0 

at the disk surface, the concentration of iodine is zero: 

at -~ = 0, x1 = 0 

(35) 

(36) 

-·-The- concentration of- GeL4-at -the surfac.e, _hQ'\iey~r, -~B:n~o~t__be __ spe5:i._f~ed ~ 

Instead, a relation between the gradients of x1 and x2 at z == 0 must be 

obtained from the. stoichiometry of the· reaction, b'y vrhich t~ro moles of r
2 

_ 

are consumed for every mole of Gei4 produced. In terms of the mass fluxes 

relative t~ the disk surface, this yields: 
,. 

n { 
10 

n20 
::: 

M 
1 

- 2 lvl 
2 

(37) 

• ~ jJ 

"! 

'-". 
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The fluxes >vi th respect to the mass average velocity (j.) are re latcd. to 
·l 

the n. by: 
.l 

and 

The mass average velocity at the surface is: 

(1 

(38) 

(39) . 

(40) 

The ratio of the mass fluxes with respect to the mass average velocity at 

the interface is then: 

(41) 

The fluxes j
10 

and j
20 

are obtained. from Eqs. (6) and (7) and sub

stituted into Eq. (l+i) :· With the necessary dimensionless transformations, 

the result is: 

where 

,. 
. . .J .. ; 

go 2 
1 + (2s1 - l)x20 

1 + (s2- l)x
20 

( 42) 

(43) 

Equation ( 42) is the fourtn boundary condit.ion for the diffusion 

equations. 

The surface boundary condition on the axial component of the velocity· 
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can be obtained in a s:ilnilar manner beginning from Eq. (l~O). This pro

-t:-
cedure yields (1,' 

H(O) = l ( 44) 

The complete theoretical s.olution to the diffusion convection problem is 

the simultaneous solution of Eqs. (16) - (20) subject to the boundary 

conditions given by Eqs. (33) - (36), ( 42) and ( 44) . · 

The desired result is the iodine flux at the interface, which is 

directly related to the measured rate of -vreight loss of the germanium 

disk. The former .; <· • _._ ..... 

(45) 

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

gas at a total pressure of 1 atrri. Before considering the full ternal"J 

diffusion problem, two limiting cases .will be considered: a reactant 

gas consisting of dilute iodine in the ine!·t carrier gas, and a pure 

iodine. reactant. 

The Dilute Gas Limit x100-:-> 0 

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

-x- i 
In Eq. (44) and the previous development, all velocities are mass averC>_ged; 

vrhile the concentration units are mole fractions. Host other analyses of 

the interfaicial velocity effect, 3' 5 utilize mass fraction units 1-rith mass ·. 
11 

average velocities. The B of ref. (3) and the e of ref. (5) are equal to: 
v ~ 

the term in the brackets of Eq. (44) multiplied by the conv:r~ion from mole . 

fraction g;radient to rnass fraction gradient, 'tThich is H1~~/Ivb . ·~ 
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a small concentration of iodine; xl and x2 an~ their gradients approach 

zero at all points. 

In the momentQ~ equations [Eqs. (16) - (18)], the density ratios 

are all unity and the interfacial velocity boundary condition, Eq. (44), 

reduces to H(O) ~ 0. The momentum equations are completely decoupled 

' . 
from ~he diffusion equations. A numerical solution for the axial 

velocity, _:H( ~), is avail~ble. 7 . 

Taking the limit of the coefficients a
1 

. . . . e2,- the diffusion 

equations become unc.oupled from the momentu.'Yl equations and from each 

. other: 

·.dx 2 

N H(~) 
1 

d x
1 

. Scl3 err= d~2 
(46) ' 

dx 
2 d X '· 

N H(s) 2 2 
.sc23 err= · ds2 (47) 

The iodine transfer rate can be obtained by solution of Eq·. · ( 46) 

subject t·o the bou..ndary conditions. given by the first part of Eq. (35). 

and Eq. '(36). Equation (47) need not be considered unless a value of x20 

is desireO... The iodine flux expression, Eq. ( 45), reduces to: 

·~ rt' .531\ ( dxl ) 
nlO = ~v: RT d£ 0 

( 48) 

The numerical solutio11s to Eq. (46) using the tabulated values of H(s) 
. . 8 

has _been obtained previously for a large range of Schmidt numbers. 

Hm·rever, a sufficiently ·acq:trate analytical solution .in the Scrnnidt num-

ber range of interest here (1 < N8 <_ 3) can be obtained by a 'linear 
. - c 

approximation to the function H( s): 
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The subscript id denotes infinite dilution, vrhere variable density and 

interfacial velocity effects are absent. 

Figure 1 compares the exact velocity profile '>vi th the linear approxi-

mation, the slope of vrhich has been chosen visually as 0. 25. The solution 

of Eq. (46) with the velocity given by Eq. (49) is: 

2f::id 1/2 ( _ ... _. ) 
7T 

= o.4o N l/2 
Scl3. 

(50) 

Equation (50) is less than. 1% greater than the exact solution at a 

Schmidt number ·of unity and 11% high at a Schmidt number of 10. Its 

.. ~ccu_r_acy is well vrithin. the experimental precision for Schmidt numbers 

between one and three. 

.. Despite the ~xistence. of an exact _polution, the solution based upon 

the linear velocity profile has been used for comparison of theory with 

experiment for the follovTing reasons! First, the dependence of the rate 

upon the experimental parameters is explicit and easily seen. Second, 

~~-l~n~ar velocity profile permits an estimation of the variable density 
-

effect to be made without resorting to machine --computation. - Thi-s calcula-· 

tion vrill be discussed later. · 

The bracketed term in Eq. (51) ' is a numerical constant ·Hith a value of 

505 w.g- 0 11/cm for a 3/4" dia.."lleter Ge disk . 

"" 

,. 
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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 direct conseqDence of. 

. the linear ve~ocity profile. 

Another characteristic of the .above expression is that the rate is 

nearly temperature independent as vrell. The diffusi vity of the Ar-I2 

system has been estimated froffi. the gas kinetic theory method 1·rith force 

constants for the Lennard-Janes potential taken from viscosity data, 

(See Appendix B). This procedure.yields·a diffusion coefficient at 415°C 

fo34 2/ d ... t 't' ,.,1.81 o . em sec, an a vempera ure varla lon as _ . The ratio ~l~/2 /T 

. -0.1 . varJ.es.as T , and the theoretical variation J.n mover the range 

. 360°C-460°C is-3%. Since the 'precision of the data is at most ':f/o, :this 

variation could not be observed. The constancy of rate with'temperature 

in the diffusion limited regime is evident from F:i.g. 4 ~f the previo).J.S 

paper. 4 . 0 -1 6 At T = 15 C, n = 93 sec and x 100 = 0.12 , the ~redicted rate 

is 0.52 mg/sec. ·The observed rate was 0.575±0.022 mg/sec over the range 

360-460°C. _The theoretical prediction is 9.6% im., 

The variation of rate -vrith disk speed is shmm on F:i.g. 2 and compared 

to the predict~on of £q. (51). At speeds beloH 900 rpm, the discrepancy 

bebreen theory and experiment. is large and most probably due to ne.tural 

convection effects. Above 90_0 rpm, the experimental rate follo' .. rs the·· 

1/2 d' ; ( ) D pre lctJ.on of Eq. 51 . Again, the eXperimen:tal data fali -lCf/o 

higher than 'the theory. 

· Equati,bn (51) predicts that the rate should be directly proportional 
.. : 

. to the inl~t iodine mole fraction. Although the concentration at vrhich the 

effects of variable density, multicomponent diffusion,and interfacial velo-

city begir: "~o distort the linea.rlty of the infinite dilution approximation 

is not }:nmm, rig. 5 of the pr·evious paper indicates a direct proportionali:ty 
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bet..,.reen m and x
100 

up to x
1

oo "' 0. 22. The· slope of the line through the 

experimental points is about 15% greater than the slope predicted by 

Eq. (51) .. 

It has been demonstrated that the ord~r of magnitude agreement be-

tween theory and experiment in the dilute iodine. region is within 10-15% . 

. The predicted dependenc·e on disk speed, temperature, and iodine concen-

tration also agree very well vli th theory. The effect of altering the 

diffusion coefficient >-rhile maintaining all other parameters constant 

(by changing the diluent from argon to helium) will be discussed later. 

The agreement between theory and experiment in the·dilute gas region 

substantiates the two major assumptions of the theoretical analysis: 

_F~rst, that the diffusional-resistance is that predicted 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 behreen the 

measured and predicted rates can be due to many causes. The most probable 

is the effect of the protrusion of the disk above the holder, which adds 

-16% to the total area of exposed germanium compared to the flat surface 

of the disk. H01.,rever, the flow in the region of the edge should be 

relatively sluggish compared to that on the horizontal surface, and a 

full 16% increase in the mass transfer rate would not be expected. It 

is possible that at 900 rpm (\·ihere most of 'the data reported here -vrere 

ta.k~n) there still exist residual natural convection effects which aug-

ment the forced convection mass transfer. Effects suc!;J. as viscosity 

variations in the bou..'1dary layer and the accuracy of di;ffusion coefficient 

estimates may also contribute to the discrepancy. 

In the analysis of transfer in concentra.ted iodine gases, the ab-

solute value of the iodine flux at the disk surface >-lill not be· computed. 
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Instead, the flux per unit inlet.iodine mole fraction divided by the same 

quantity as x ··~o in a,rgon;.will be calculated. This ratio is defined as 
. . lro · · .. ,: .. .~"'.'. 

\\•. 

r(x1), and is a function of{ the inlet iodine mole fraction and the nature 

of the diluent gas: 

·(52) 
(nlO/xJJ . . xK 0 '. 00-) .. r . 

Th~ parameter r is effectively the ratio of the mass trar.sfer co-

·efficients in the concentrated and dilute reactant gas regions. 
. ' 

This method of comparing j:.heory and experiment has been chosen for 

the follow:Lng reasons: First, the geometrical an·d me chanica'l factors 

(such as the effect of the protruding edge of the disk) which contributed 

to the. 10-1~ discrepancy between theory and experiment in the dilute gas 

region are present in both nurnerator and denornine.tor of Eq. (52) and tend. 

'to cancel; the ratio method isolates the effect due solely to alteration 

of the inlet gas composition (i.e.,. cha~~e of diffusion coefficient or 

multicomponent diffusion, variable density thrcugh the bou...ndary layer, and 

interfacial velocity). Second, the denominator of Eq. (52) is experiment-

ally vTell established by the slope of the line on :B'ig. 5 of the previous 

paper. Theoretically, the denominator of Eq. (52) is given by Eqs. (48) 

and (50): 

(53) 

; 



:., 

-14-

\:' -vrhere ::j
13 

refers to the diff.usion coefficient of iodine· in argon. 

The Binary Limit x1oo~ 1 

!.n the limit as x ~ 1; the gas. phase consists· solely of a mixture loo 

of I 2 and Gei4; the gas is pure iodine in the buD\. and pure Gei4 at the 

disk surface. 

The diffusion equations are reduced by setting x
1

_ + x
2 

= l. Both 

Eqs.- (19) and (20) become: 

~' [-p-/,....p-00 dxl] 
d~. . 

(54) 

where the density term is: 

£_ -
Poo 

•(~ .)' - · l'll_ - l .x1 (55) 

The rati? s2js
1 

has been written as M2/M1 ; 
. ' . 

The interfacial velocity boundary condition, Eq.(44) reduces to: 

H(O) (56) 

The boundary conditions in the diffusion equation are: 

(57) 

·Equations (16) (18),.and (54), subject to the bbu.ndary conditions given 
. ' 

, b~r Eqs. (33), (34), (56), and (57), are to be solved for (dx1/dn0 ; the 

form of·Eq. (45) appropriate to x = l then gives the iodine transfer leo 

rate: 

•• 



-15-

(58) .. ,. 
. ,.-: 

This equation is then used in Eq. (52) to giver (1) .. 

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

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

tion will be obtained by dividing up the problem into more tractable 

slices. 

The. ratio r(l) differs from unity for three reasons: 

(1) the density ratio :l,n the momentum and overall continuity equa-;-

tions is no longer unity, and for this reason, the axial velocity profile 

can hot be represented by the constant property formula, Eq. ( 49). 

(2) the interfacial velocity boundary condition [H(O)] is not zero., 

as vlith dilute iodine reactant gases but is given by Eq. (56). This idll 
' 

also aiter the velocity profile and consequently the transfer rate. 

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

of the variable density in the diffusion equation; Eq. (5'f). In addition, 

' ' 
the diffusivity in Eq. (54) is that of iodine in Ger4 rather than iodine 

in argon. 

To approximate the effect of variable density in the· momeritu.rn and 

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

Eqs. (16)- (l8).v:ith the boundary condition H(O) == 0 and the dependence 

of the density upon axial position determined irom· the solution of .the· 

binary, infinite dilution diffusion equation. As before, the resulting 

profile is approximated by: 

rr(s) - . (59) 
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However, the slope E is in general different from the constant dens-

ity value, E.d. 
. J. 

The.effect of interfacial velocity is approximated from the simul-

taneous solution of Eqs. (16) - (18) and (54) ~Therein P/Pco is set equal 

to ~nity. Equation (56) is used as the axial veloc:ity boundary condition. 

The solution to this type of problem, in which the term (l/2-M1/H2 ) in 

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

plate3. a,nd rotating disk geometries. 5 

The third factor is obtained from a solution of Eq.(54), vrith H(s) 

given by Eq.(59) and' P/P
00 

given by Eq.(55). 

Each of the three contributing factors is determined vrithout regard 

to the perturbations engendered by the other two. This particular method 

of decoupling the conservation equat.ions was· chosen. in an attempt to 

avoid·a complete n~~erical solution, yet retain the essential' features 

of the three major effects. For example, in the estimation of the effect 

of variable density in the flow equations, the.true density variation is 

probably not far from that given by the infinite dilution solution. 

·Using even a rough estimate of pjp
00 

is Rt least preferable t~ setting 

this ratio equ.al to unity. An additional advantage of this method is that .the· 

. magnitudes of the three effects are seen immediately, a feature which 

would be absent in the numerical solution of 'the full set. 

For a pure iodine reactant gas; the third factor can be obtained by · · 

inserting Eqs. (55) and (59) into Eq. (54) and defining a ne'tT concentration 

variable: 

(60) 

Jt:' 

... 
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. Equati.on (54) is reduced to: 

(61) 

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

(62) 

(in 
. 

variable) The solution terms "' the original mole fraction is: O.L 

M2 ( :~) 
( dx1) 

·-.en 

(~ t2 M 
1 \~ (63) --

M2 ds 0 
- 1 

, Scl2 

Ml 

- 4 
The first term on the right has previously been obtained by Hanna. A 

similar treatment of the wriable density diffusion equation has also 

been -giv~n by Bedingfield and Drew. 1 

1'he solution to the infinite dilution (or constant property) con~ 

servation equation for a rotating disk vlith an interfacial velocity 

boundary cohd},tion given by Eq. (56) is presented graphically in Ref. 6, 

.in "tlhich the ratio of the concentrati?n gradient at the· surface with the 

interfacial v~locity boundary .·cond.i tions to that vrith H( 0) = 0 'is plotted·. 

as a function of Sc'b..rnidt number for various values of the interfaCial 

velocity parameter Ev (equal to 1/2-M
1

/M
2 

in the present study). Here 

the gradient rati0 "rill be denoted by F 
2 

and the interfacial velocity 

parameter as B rather than E , to conform to the notation ivhich has been - . ,, 
utilizedmost frequently in flat plate studies of the same problem. A 
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cross-plot of the·results of Ref. 6 is presented in·Fig. 3, 'tlhere it is 

seen that F; is nearly independent of Schmidt nwnber for Bvalues near 

unity. 

The gradient at the disk surface which includes all of the pertinent 

effects is F2 times the gradient given by Eq. '(63) .. When this product is 

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

(52), the final result .is: 

r(l) - fC1 -,J~ . (64) 

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

the flow equations, and will be denoted by F
1

: 

(65) 

The second term reflects the effect of·interfacial velocity. The t rri.rd 

term (in brackets) is the effect of the different diffusion coefficient 

artd variable density in the diffusion equation. It will be denoted by F3 . 

In Appendix A, the momentQm integral method is used to obtain an 

estimate of the ratio E/Eid' which d~pends upon the parameters: 

~ = Po/Poo l (66) 

and 

<P = 0id/~ (6'7) 

It 

.... 

... 
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The ratio p
0

jp
00 

is obtained from the average molecular 'treights at the 

surface and :i.n the bulk.· oid is the flovr boundary layer thickness for 

the constant property, zero interfacial velocity system and is equal to 

2. 56. oD is the thiclmess of the diffusion boundary layer in the dilute 

gas system and ·is given by: 

l/2 
oD = (48/Ns ) 

. c12 
( 68). 

Thus 

<P = o.37~N8. . c . 
. . . 12 

The rate of g~rmanium loss has been measured at 415°C a.YJ.d 900 rpm vrith 

pure iodine ·inlet gas. Based on three measurements, . the rate vras 

}.36±0~08 mg/sec. The denomina·cor of Eq: (52) is based upon the five 

points along the ·line of Fig. 5 of the previous paper, and has a value 

of 4 .. 78±0 .15 mg/sec-unit mole fraction I
2

. The experimental value of 

r(l) is thus: 

r(l)exp = 0.70±0.03 

... 
Using the values of the diffusion coefficients of iodine in argon and 

·iodine in Gei4 given in Appendix B, the diffusivity term in Eq. (64) is: 

·(~)· /2 
~~1"' :; 

= 0.41 

.• 

The ratio of the molecular 'tleights of Gei4 to r
2 

is .2 .287 and the term 

involving l-12 /Nl in Eq.(64) is l.'f7. The factor F
3 

_is.o.6o. 

The interfacial velocity factor, F
2

, is obtained from Fig. 3 with a 

value of B = 1/2 - ~\/1'-12 = 0.063. The value of F2 is 0.97. 
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The density ratio in Eq. (66) is equal to the molecular weight ratio , 

of 2.287 and ~ is 1.287. The Schmidt nlimber of iodine in Gei4 (assuming 

the viscosity of the mixture, regardless of composition, to be that of 

pure iodirie) :ls -1.3 and the parameter <I>. is 0.42. According to the method 

developed in Appendix A,. the ratio E/E.id is 1.46 and the factor F_1 is 1.21. 

The-ratio r(l) as calculated by the theory presented here is the product 

r(l)calc '- (1.21) (0.97) (o.6o) = 0.70 

The excellent agreement between the experimental a~d theoretical 

-values of r(l) is ~n part fo~tuitous; although the accuracy of the cal

culational method is not known, there is bound to be some error due to the 

arbi~ary uncoupling of the conservation equations and due to the approxi- _ 

mate method of treating the effect of density variation in the flow 

equations. For the case of pure iodine inlet gas, the errors apparently 

cancel. 

If the density variation and interfacial-velocity effects had been 
. ., . 

neglectedrentirely, and the Gei4-I2 system considered as a constant pro ... 

perty binary, the predicted value of r(l) WOutd simply have been the 

square root of the diffusivity ratio; such a calculai;;ion would have been in 

error by nearly a factor of two (0.41 instead of 0.70). 

In this instance, the density variation acts very strongly to acceler~ 

ate the transfer rate. An increase of 47% results from the density term 

in the diffusion equation and an increase of 21"/o due to the·~density 

variation in the flow equations. 

The ef:fect of interfacial .velocity is small,. causing only a 3"/o re-

duction ·in the transfer rate. The correction factor is less _than unity 

.;,· 
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because the mass average velocity at the disk is directed away from the 

surface; one mole of Gei4 leaves the surf7ce for each two moles of iodine 

which .are brought in. Because of the germanium picked up by the two moles 

of iodine, the mass of material leaving the surface is slightly greater 

than that arriving. However, since the mass of a single germanium atom 

is small compared to that of 4 iodine atoms, the effect is 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 number near unity (Eq. (36) of Ref. 3). Using the molecular 

weights, surface and bulk concentrations, and the molar flux ratio at the 

surface characteristic of the system in this study, Hanna 1 s expression is: 

1: 4 1 '] 4/9 Ll + 21 £n(l - 2 
= 1.30 

Since this expression is for constant diffusivity, it must be 

corrected for the difference in diffusion coefficient between the I 2 -Ar 

and I2 ~Gei4 system. ·This is the factor 0.41 presented earlier. The 

estimate of r(l) by Hanna's method yields: 

r(l) - (L3.o) (o.41) = 0.5:;; Hanna - "" 

This corre.ction is considerably lower than the experimental value .of 0. 70. 
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The Ternary Range 0 < x1co < 1 

Beh;reen the t>vo li.i·niting cases of dilute iodine. and pure iodine re-

actant gases, .the multicomponent nature of I 2 -Gei4-diluent mixture cannot 

be avoided. In the follo-v;ring treatment,. the calculational procedure de-

veloped for the case of pure iodine will be e!Ylployed. The ratio. r (x100) 

of Eq. (52) will be determined by independent consideration of the effects 

of density variation in the flow equations, interfacial velocity, and 
I . . 

dens~ty variation and multicomponerit effects in the diffusion equations. 

The major difference between the analysis of the three component 

system and t~e r4-Gei4 binary is the third factor; instead of a single 

-diffusion equation, theye are now two, ·and the effect of the altered 

diffusional characteristics. cannot be expressed as a simple diffusivity 

ratio, as it ~as in.the pure iodine case. 

A new axial distance variable is defined: 

TJ = (70) 

vrith the axial velocity approximated by Eq. (59), the diffusion equations, 

Eqs. (19) and (20) become: 

ana 

. l 
( 

dx 
c -- + c2 1 dTJ 

dx2\ = 
ds) 

[

. l . 
. PJ p;, 

( 
·e dxl + e 

1 d; 2 
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where pjp
00 

is given by Eq. (29). The boundary conditions are given by 

Eqs. (35), (3~), and. (42) (in the last of these, ~ is replaced by TJ) •. 

Equations C7l) - (72) have been solved by ll1.3.chine computation for 
. ' 

functions of x
1 

for both argon and helit@'diluents. 
co. 

The iodine surface flux is obtained from Eq. (45), vrhich in terms of rj is: 

(73) 

Equations (53) and (73) are substituted into Eq. (52) aRd multiplied by 

the interfacial velocity factor? F2, there results: 

(74) 

The term in the bre.ckets in Eq. (74) is the factor F 
3

, vrhich varies 

from unity at x
1

co = 0 in argon to 0.60 at x
1

co = 1. With helium as diluent, 

Eq. (74) must be multiplied by the square root of the ratio of the diffu-

sivity of iodine in heliu:n to iodine in argon to account for the fact that 

the "3u in ~13 of Eq. (73) refers to heliu,"Tl, vrhereas in Eq. (53), it re-

fers to argon, which has been used as a reference gas.· \·lith helium, F 
3 

decreases fr·:->m 2.18 at xlco = 0 to.o.6o at xlco = l. 

'l'he first te!·m on the right' of Eq. (7lf) is the factor F 1' which has 

·be8n computed by the same procedure as was used for pure iodine reactant. 

In the present case, the value of p
0

/p required for the computation of p 
' co 

by Eq. (66) has been calculated from Eq. (29) vrith x1~' 0 and x
20 

given 
. . 

by the solution to two diffusion equations. The value of the Sch.rnidt 

n')Jnber for Eq. ( 69) has been approxi:rra ted by: 
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(75) 

This approximation was chosen because it yieldsthe correct limits as x
1

co 

goes to zero and unity. Use of Eq (75) as a.n interpolation foTmula. is 

considered a satisfactory means of estimating the parameter ¢ since the 

factor F
1 

is only weakly dependent upon¢ and all Schmidt number's lie 

between l and 3 , 

The factor F
2

, representing the effect of interfacial velocity, is 

furthest from unity for pure iodine reactant, where it has a value of 

·. 0.97. For simplicity, values in the region 0 :=:. x100:=: l have been approxi

mated by: 

(76) 

The calculated values of F(x100 ) are sho1-rn in Table I as a function 

· of x 100 for argon and helium diluents. A comparison of the calculated 

values from Table I with the. experimental results is shmm in Fig. 4-. 

The confidence limits shovrn on the plot represent -the precision of dupli-

cate results. 

· · -. ·- - - Except -.for -the.-limi::t :x:
100 

= _1, the theoretical results are 7-lr:f/o 

. '· .... 

' ·. lO't!er than the experimental points. This is probably the result of the 
. . 

approximate value.s of the theoretical calculation, especially the method 

of uncoupling of the conservation equations. The ca.lculated effect of 

density variation in the flow equations (the factor F
1

) is·not as firmly 

grounded in the multico:nponent region as is the x == 1 binary .. In the loo ·. 

former, the density profile characteristic of a binarytsystem [Eq. (A-7) · 

obtained using the computer results for x20J ha~ been employed. 

Equation (A-:7) may underestimate the density of the 'ternary system in the 

. ·boundary layer, since the multicomponent effects undoubtedly make the 
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variation of average molecular -vreight (or. density) -v!i th distance consider-

ably. more complex than in a binary system. 

The deviation bet,·reen theory and experiment cannot be reasonably 

attributed to failure of the Max1-rell-Stephan equations upon 1-rhich the 

tHo diffusion equations are based. The Maxl·rell-;Stephan relations have 

been verifiedmany times in pure molecular diffusion systems. 

Another possibility is that the experimentally determined valu·e of 

the de nomina tor of Eq. (52) is in error. A value based upon the region 

0 :S x100 :S 0.20 from Fig. 5 of the previous paper ha:~ been used, since. all 

of the_points on this plbt appeared to fall on a single straight line. 

It is possible that the slope so ob.tained is lo1ver than the desired limit 

as x100 ~o, because the experiments have not been extended sufficiently 

deep int.? the infinite dilution region to give a reliable limiting value 

.of the ratio m/x100 . If this is so, the experimental denominator is too 
r 

small; vrere it -10% larger than the value used here, all of the experi-

mental te:rna.ry points would lie quite close to the theoretical line. The 

computed r( l) (pure iodine)) however, \·rould then be 7 -let/a. too high. 

The agreement, hmvever, is considered satisfactory, in vieH of the 

precision of the experiments and the approximations involved in the 

theor~tical analysis. 

The only other theoretical method for estimating the ·effect of multi-

component diffusion on the rate of mass transfer has been presented by 

. 10 
Toor. This method emphasizes the multicomponent diffusion effects, but 

does not consider interfacial velocity or density changes, ei.t.her in the 

flmr equations or in the diffusion equations .. This method has been applied 

to the s;;rstem for lvhich x
1 

= 0. 5 in are;on (details in Appendix C), and pre-00 . 

diets a value of x
20 

·of 0 .36, compared. to 0. 42 obtained by nu.rnerical solution 
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of the diffusion equations [Eqs.- (71) and (72)]. 'l'he value of f(0.5) 

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

- . . . . .. ~ 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 unkn6\m extent, to con-

sidering the pr~ctical diffusion coefficients as tonstants. 

,. 

1.'' 

..... · , .. ,, 
·. ··:·' 
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Table I. Calculated Correction Factors for Transfer 
in the Ternary Range 

.~ 

X loo · x20 Fl F 2 .F3 r 

ARGON 

0 0 1.00 1.00 1.00 1.00 

o.1o 0.067 1.05 1.00 0.91 0.96 

0.25 0.18L~ 1.10 0.99 0.82 0.89 

0.50 0;42' 1..16 0.98 . 0.71 0.81 

0.75 0.69 1.18 0.98 0.64 0.74 

1.00 1.00 1.21 0.97 0.60 0.70 

HELIUM 

0· 0 1.00 . 1.00 2.18 2.18 

0.10 0.074 1.1L1. 1.00 1.40 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 0.72 1.21 o.98 0.66 0.79 

.· 
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NOMENCLATURE 

Defined-by Eqs. (21) and (22). 

Surface area of clisk, cm2 

Defined by Eqs. (23) ana (24). 

Interfacial velocity parameter, equal to 1/2 M
1

/M2 . 

Defined by Eq's.- ( 25) and ( 26). 

Total concentration, gm-mole/cm3. 

2 Binary diffusion coefficient for ij pair, em /sec. 

. Multicomponent diffusion coefficients defined by Eq. (7), 

cm2/sec. 

- Practical diffusion coefficients defined by Eqs. ( C-3) and 
' 2 

(C-4), em /sec. 

2 ·Diffusion coefficient used in Toor' s method,- em /sec. 

Defined by Eqs. (27) and (28) -

riimcin~ionless radial velocity, Eq. (11). 

Factor reprP.senting the effect of density variation in the -

momentum and overall continuity e9.uations on the rate, Eq. (65). 

Factor representing the effect of interfacial velocity on 

the rat~. 

Factor repres-enting the effect of density variations and multi

component diffusion in the diffusion equations on the rate. 

Dimen,sionless tangential velocity, Eq. ( 12). 

Defin~d. 'by Eq. ( 43) . 

Dimensionless axial velocity, Eq. ( 13). 

' Mass flux of co~ponent i 
2 

velocity, gm/cm - sec. 

relative to th~ mass average 

_Boltzman constant. 

Rate of weight loss of disk, mg/sec. 
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Holecular i·reight. 

.Atomic i·reight of germanium. 

Ivlass flux of component i at disk surface; gm/cm
2 

- sec. 

Schmidt number. 

QA' QB' QC' :F'unctions of 4> in momentum integral metho.d. 

Q. Q; o' E 

r 

Rl' R2 

R 

sl, 82 

T 

Tb 

u 

v 

vb 

w 

X 

xl 

y 

z 

Radial distance along disk, em. 

Diffusivity ratios, Eq. (31). 

Gas constant; cm3 - atm/gm mole - °K. 

Molecular weight ratios, Eq. (30). 

Boiling point, °K. 

Radial velocity component, em/sec. 

Tangential velocity component, ~n/sec. 

03 
1-blar volume at boiling point, A . 

Axial velocity co;;ponent, em/sec. 

. Mole fraction. 

Concentration variable defined by Eq. (60). 

Dimensionless distance, Eq. (A-13). 

Axial distance f,rom disk, em. 
i 
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GREE"J\ LETTERS 

.Ratio of flow to diffusion boundary layer thicknesses. 

3 Density, gm/cm . 

. M t. t. .&' t· • j· 3 ass concen -ra lon 0.1. componen ·, gms J. em . 

Viscosity gm/cm•sec. 

Disk rotational speed, 

Mass fraction. 

-1 
sec 

Dimensionless axial dis~ance, Eq. (15). 

Kinema~cic viscosit~, cm2/sec~. 

Slope of linear approximation of axial velocity profile; also force 
·constant in Lennard-Jones potential. 

Ratio defined by Eq .· (52). 

Defined. by Eq. ( 66). 

Flow boundary layer thickness (in units of s). 

Diffusion boundary layer thickness 1 (in units of s). 

Dimensionless variable defined by Eq. (70). 

Defined by third of Eqs. (A-17). 
.o 

Collision diameter in Lennard-Jones Potential, A • 

SUBSCRIPTS 

1 · . Iodine 

2 Gei4 

3 Diluent 

o· Disk surface (g = 0) 

Bulk gas ( s = co) 

id Infinite cl.::.l~tion, (constant properties, zero interfacial velocity) 
' 
\ •. 

SUPERSCRIPTS · ·.: . 

! .· Differentie.tion '.-Tith respect to s 

... 

.· 
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· APJ?EriDIX A Momenturn Integral Method for Estim.3.ting the. Effect of 
Density Variation on the Axial Velocity 

In order to solve Eqs. (16) to (18) for the velocity component H(;), an 

' ' 

estimate of the variation of the density vrith dfstance is required. Tllis 
': . ,· ' 

will be obtained by a momentum integral solution of Eq. (51.~) in vrhich the 

effects of density variation are neglected and the axial velocity pr.ofile 

is approx~mated by Eq. (49). Equation (54) reduces to: 

- El.d N ; 
Scl2 

2 
dx dx 

1 = ---1:. 
d g . . 2 

d~ . 
(A~l) 

·.subject to boundary conditions given by Eq. (57). Ln. addition, a diffusion· 

boundary layer of thickness oD (in.di:inensionless units)is assw'ned, at 

· lvhich point 

( A;..:2) 

In additiori,:Eq. (A-1) also require~ that at~- 0: 

(A-3) 

Assuming a cubic concentration profile, the four conditions provided by 

· Eqs .. (57},(A-2) and (A-3) yi.eld.: 

. ; 

(A-4) 

·If this expression is inserted in the left hand derivative of Eq. (A-1), 
i 

the entire equation integrated from s = 0 to ~ = o , and the gradient at 
.D 

~ = oD. set. equal to zero according to Eq. (A-2), the diffusion bO'J.ndary 

layer thickness is found to be: 

j 

... >1 
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(A-5) 

For a constant temperature binary mixture, the density function implied 

by Eq. (A-4) is obtained by noting that: 

This yiel¢l.s: 

P - kc· 0 - -~ ' 
. (A-6) 

(A~7) 

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

gradient at the surface from Eqs. (A-H) and (A-5): 

dxl . . 1/2 
(-d~ ) = 0. 867 (E. ,NS ) 

~. 0 lQ cl2 
(A-8) 

The exact_ solution yields the same form of equatiqn, except _that the 

. numerical constant in Eqs. (A-8) is (2/rr) 1/ 2 
= 0. 798. The momentum integral 

method overestimates the transfer rate by 8. 6%. 

1~e effect of neglecting the density ratio in Eq. (54) in obtaining 

Eq. (A.,-7) can be 'assessed by comparing Eq. (A-7) to the solution of Eq. 

(61L in which th!? P/P
00 

term has been incorporated into the variable 

The exact solution of Eq. (61) is: 
' 

A momentum integral solution to Eq. ( 61) can 

_P_ = exp 
p 

co 

_s )1/3~ 
oD J 

(A-9) 

also be obtained as: 

(A-10) 



;{ 
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where oD is.· again given by'Eq. (A-5) vrit}1 Eid replaced by E· :i':ote that 

Eq. (A-7) is the first term in the Taylor series expansiot1 of Eq. (A-10). 

A direct comparison of Eq. (A-~) and (A-lO),vith Eq.· (A-7) cannot be 

made·, since the parameter E is not yet knovm ( E is the end result of the 

. solution of the flow equations, for 'dhich 1.1e are now se~king an appropriate 

de?sity function). However, if E in Eqs. (A-9) and (A-10) is approximate(!, 

by E •. d' the three expressions can be 
:l . ' 

compared; the results· are shovrn in 

Fig. 5 for NSc = 1; p0/P
00 

= 2. This plot suggests that Eq. (A-7) over-

estimates the density at all points in the· boundary layer. Nevertheless, 

it ··is clear that Eq. (A-7) is a better representation of the density 

· variation "'ith distance than a uniform value of unity. 

The momentum integral solution of the momentum and overall continuity 

. equations follo-vs the .original computation of Von Karman
12 

e-xcept that 

density variation according to Eq. (A-7) is included. For the variable 

density case, the equivalent· of Von .Karman's Eq. (26) is: 

1 . 
.4 J

0 
(~co) F(y)G(y) dy = 1 (dG) 

82 dy 0 

where· 5 is the :f'lm·r boundary layer thickne9s end 

(A-ll) 

(A-12) 

(A-13) 

In terms .of tbe di.stance variable y, the density ratio employed in Eqs. 

{A-ll) and (A-12) is: 

_e._ = l + t3 (1 ¢ y)3 
p 

00 

(A-14) 

.{ 
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lvhere 

f3 
Po 

1 (A-15) =- -
poo 

<D a/on (A-16) 

Since Eq~ (A-l~) is valid only· for ¢y ~ l and the integrations in Eq. 

(A-ll) and. (A-12) extend to y == 1, it is necessary that <D < l. For a 

Schmidt number of unity, 'OD = 6.93 by Eq. (A-5). Since '0. , = 2~ 56 foy 
~a . 

the constant density case) there is no problem in satisfying the condition 

<D<i. 

·FollovTing. Von KaTman, a fourth order polynomial in y is assumed for 

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

The yields: 

F(O) = 0 

(d2~ .. --2) 
ely 0 

( dF) =a 
dy 0 

(
dF) O 
dy l 

1 

(from original boundary condition) 

(from differential equation \·lith 
F(l):O, H(O) = O, G(O) = 1) 

(constant to be determined) 

(from original boundary condition) 

(auxillary condition) - (A-1"{) 

. 2 . l 
F(y) ~ y (1-y) [ex + (& - 2)y J. (A-18) 

Similarly, the four constants for the cubic • 1... 
approx~ma.,~on to G(y) e.re 

obtained. from: 

· . G( 0) = 1 (original bound9.ry concH tioE) 



· .. ' 

'· .· 

.j' • .. · 

·. 

..... 

(from differential equation Hith 
H(O) = 0) F(O) 0) 

G(l) = 0 
. ,. . ~ ' . 

(original boundary condition) 

(A-19) 

( auxillary conditio~) 

.This yields: 

G ( y) = ~( 2-3 y + .) ) (A-20) : 

Equations (A-14)~ (A-18) and (A;..20) are substituted into Eqs. (A-ll) 

and (A-12) the integration and d:lfferentiations are performed. This yields 

tHo aigebraic eq_uations ~.;hi~h must be solved for the unkil.o,;ms a and 6 

in terms of the density variation parameters (?> and ¢.' 'In conformity Hith 

'the concept of using known infinite dilution results to 'generate the 

input parameters for the density variation; the flo'ir boundary layer 

· thickness, 6 in Eq. (A-16) is not treated as an unkn01m but is assigned the 

c.onstant density value of oid = .2; 56. ' The ~esul ts indicate that this is 

. a satisfactory approximation; since. a ancl. 6 are slovrly varying f~"lctions 

of (?>. and c:P. · 

. '~: . 
After considerable manipulatidnJ the solution can be put in the form: 

(A-21) 

2.563' 
6 = ------~--~~~----~-- (A-22) 

[(a/a:Ld) [1+(3 %(9)]}
1
/
2 

From the pyese~t computation) the constant density va1U:es of a and 6 

arc: 

!"· 
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Von Karman obtained 1.026 and 2.58 for ai~.and oid respectively. 

The functions QA ( <P) •••• % ( cp) are polynomina.ls in ¢ .vrhich arise in 

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

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

H( y) == f y {_P_. F(y') dy' 20 · ) · 

P/ pco 0 . \ ;:>co , · 
(A-23) 

where pjp
00 

is given by Eq. (A-ll.t.)cnld-F(y) by Eq. (A-18). The constants 

a and o are given by Eqs .. (A-21) and (A-22). 

For ~ = 0 (constant density)., Hid(y), is given by: 

(A-24) 

. vrhe:re 

For the system vrith pure iodine in the bulk and pure Ger4 at the 

surface, N :::: 1. 3 (assumine; the Viscosity to be that of pure iodine), 
Scl2 

<P =. 0. h2 and ~ == 1. 287. Using Eqs. (A-21) and (A-22), ·these parameters 

yield a = 1. 094 and o == 1. 843. The axial velocity is given by the function: 

H(y) = -2(1. 8~3 )[L2510y
2 

-0. 9726? -0.9158y 
4
+L 4232? -0. 7074y6 

+ 0.1953y7 -0. 020ly8 ]j[l+~.287(l-0.42y)3] 
where 

Equations· (A-2!f) ancl (A-7~5) are plotted on J:<':i.g. 7. ;. 

(A-25) 

Rather than employ the entire Eq. (A-:25) in the diffusion eq,.J.e.tion, 

the velocity profiles are approximated by a.straight line, as in the 

treatment of the dilute gas limit: 
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H(t;) = - E(; (A-26) 

1·rhere cis approximated by the ratio of thy velocity at the edge of the 

flovr botcpdary layer to the thickness of the flo-vr boundary layer: 

E = -H(o)/B (A-27) 

These approximations are also shovm on Fig. T. · The value of ·Eid. 

computed by th/5 method is 0. 277, compared to the value of 0. 25 obtained 

by visual fitting of the exact so;Lution. Hm·rever, despite the 10% 

discrepancy beb-reen the exact and momentum integral figures for Eid' the 

ratio E/Eid' in which both slopes are calculated by the momentum.integral 

method, should be a reasonably accurate estimation of the true ratio. 

This ratio is given by: 

E (ex ) [ ~ QE(¢~1/[l ~(l-¢)3] (A-28) =. -· -- .1 + + 
Eid cxid 

. ~ . 
Qd( <P) Fig. 6. The function is plotted qn 

• ,,;t:'. 

•: ··~···r"'~ 
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APPE1~IX B- Physical.Properties at 415 6C 

The primaryphysical properties required are the diffusion coefficients 

of the binary pairs included in the ternary system r
2

..;.Gei4-diluent. 

Diffusion coefficients have been estimated from kinetic theory by .the 

method of Hirschfelcler, 1-:hich is. based upon the Lennard-Jone s potential. 

The force constants for the potential have been obtained from gas phase 

viscosity data for Ar, He, 13-nd r2 , and -are tabulated in Ref. 9. For 

Gei4, the force constants have been estimated by 

The molar volume 

molar volumes of Ge 

equal to that of Br 

of 

cr == 1.18 -~~~

Elk ~ 1.21 \ 

Ge~4 has been taken 

and tvro I2. T'ne molar 

.. 

(B-1) . 

(B-2) 

as the sum of the estimated 

volume of Ge has been assuned 

. ( i·rhich is 27) since the· t>w have similar atomic 

vreights. The molar volume of r2 has been taken as 68; the molar volume 

of Gei4 is estimated as 163, and from Eq. (B-t), the collision diameter 

6 l 0 is • ~5A. 

No boiling point for Gei4 is al(ailable, since the material sublimes 

at atmospheric pressure. An effective "boiling point" has been estir:-,ated 

by assuming the ratio of the "boil.ingr' to melting points of Gei4 to be 

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

of Gei4 of 617 6K, and from Eq. (B-2.), a force constant Elk of 750 °K. 

The calculated diffusion coefficients are shm·m .in Table II, together 

· .~., th · t l·n Tn c'nar."lcterl· z.l.nC:: t'ne t t · .~. · 14 1-llt..n e exponen n _ 5 empera ure varlat..lOn, an"" 

the Schmidt number. T'ne kinematic viscosities at 4l5°C u-sed in estimating 

2 2 2 
the Schmidt number ~·rere 0. 535 em I sec, 4. 84 em I sec or 0. 073 em I sec for 

Ar, He, and r2 respectively. 
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Table II Diffusion Coefficient and Schmidt Numbers 
at 415 6C 

/0' 
. 2 . 
em /sec 

_0.34 

.·1. 61 

0.057 

.0.22 

·,. 

Temperature 
Variation 
(n in Tn) 

~-.;l : "~·~ . ,, 

"1.81 

.1.67 

2.00 

1.64 

,. 
'"··,, 

'. ': 

\N 
Sc 

"1.7· (dilute 

3.0 (dilute 

1.3 (dilute 

.·) r' 

' .. ) 

I2 in Ar). 

·-~ in He) 

Gei4 in ~) 

. ·' ... 



,··"" 

r 

APPEND DC C. Toor' s J:viethod 

The transfer rate for a ternary mixture is given by Eq. (33) of Ref. 

10. \'lith the mass average velocity as 'the. reference velocity,· the flux 

is also in mass units (i.e.; the left hand side of Eq. (33) of Ref. 10 is 

n. ) and the concentr-ation units on the right hand side are mass per unit 
lO 

volume (equal to C JvL.x. for an ideal gas). :F'or the rotating disk system; 
. l l 

the mass transfer coefficients in Eq. (33) of Ref. 10 are· proportional to 

the square root of appropriate diffusion coefficients. Aside from a constant 

factor; the form of Eq. (33) of Ref. 10 applicable t~ the system under 

consideration is: 

n. Ct M. 
lO l Vi: &i +l Vdj~Vj JlM.(D~·- -D~) L.\x.+M.D~ .tv< .J L l ll l l J lJ J 

(C-l) 

l J 

The driving forces are: tv<
1 

= -.x
100 

and 6x2 = x20. vmen Eq. (C-1) is 

¥rritten for i = l and i = 2 and the ratio ni0/n20 given by Eq. (37): the 

. . 
follm-ring rela,tion for the determination qf the unknmm x20 results: 

Vrf+ 

r:; x20 ,v~ -\/D~ 
2 --vnl· + 2 L I 2 xloo D:rn Dm 

l 2 

) 
x20 M. . J Dm. --- _l Dm 

2 X K 21 
leo . '2 

( C-2) 

m 
The D .. required in the aoove. r~lation can be obtained by comparing the 

lJ 

defining equc:.tion (Eq. (2) of Ref. 10) -vrith Eqs. (6) add (7) of this paper 

(th~ first term on the right of Eq. (2) of Ref. 10 is equal to the .J.i in 

Eq. (6) of this paper). This yields: 
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e 
Dm 13 . 

~~ }'. e 1\1 ff I·!: J ( C-3) = -- rx + x2 + x3 11 ;-:-;.:..~"1 .) ) 12 "2 12 3 -11 0· 

and. 

lr 
m· .Jl_ l\ 

xl(/etl3v) i'Y }1 ) (c-4) Dl2 };~ 
-

M)J 
12 '2;1 

- ( ) ( ) Dm m M and JJ are given by Eq_s~ 9 and 7f . Expression for 22 and n21 can 

be obtained by interchanging the subs.cripts 1 and 2 in Eqs. (C-3) and (c.4). 

The same pra.ctical difftrsion coefficients result if Eqs. (26) of Ref. 10 

(which are .based on a moJar average reference velocity) are converted to 

D~j by the methods.presented in Ref. 11. The coefficients D~ and n; are 

obtained from Eq. (21) of Ref. 10 vli th the larger D~ associated vrith the 

m· 
larger Dii' Follm·ring Toor, the concentrations in Eqs. (C-3) and (c-4) 

vrere taken as the average of the terminal mole fractions (i.e. x
1 

= l/2 x
1

oo 

1/2 x20 for this case). 

For a given value of x
100

, the unknmm x
20 

is obtained by solution of 

Eq. (C-2). ~ A trial val~.e of x20 is chosen and the required 6 diffusion 

coefficients computed. The left hand and :right hand side of Eq. , ( C-2) are 

then ca:lculated. If these tvra are equal, th~ trial x20 is correct; if not, 

. a ne-vr x
20 

is chosen and. the py6.cess repeated.. 

Once x20 has been obtained,_ r(x
100

) of Eq. (52) can be obtained. ~~e 

denominator of Eq. (52) can be obtained from Eq. (C-1) by letting x
1 

and. 

~ go to zero. Trtis yields 

( 
nlO:) , . · ·· 
-- ex 
·xloo X. -> 0 

.. loo 

.fi)"·M_ 
13. - j_ 

( C-5) 

Tne nlli~erator of Eq. (52) is obtained by dividing Eq. (C-1) by x
100

. The 

result is 

' :,··' 

r(x ) . = 
loo , . 

roor 

LHS of Eq. ( C-2) 

. . JD13 
(c-6) 

.. 
·1 

.. 



FIGU"DE CP..PTIONS 

• Fig. 1 Exact and approximate axial velocity profiles on 'a rotatine 

disk. 

:Fig. 2 Variation of rate Hith disk speed - 415 6C, iodine inlet mole 

fraction· of 0. 126. 

Fig. 3 Effect of interfacial velocity parameter B onrate. 

Fig. 4 Comparison of experimental and theoretical f values - 4l5 6C, 

900 RPM,. variable iodine inlet mole fraction. 

Fig. 5 Density profiles for N
8 

· = 1, p / p = 2 according to Eqs. . c 0. co 

(A-7), (A~9), and (A~lO). 

Fig. 6 Functions required fo:r momentum integral computation of 

density variation effect on rotating disk flow. 

Fig. 7 Axial velocity profiles obtained by the mor.:entu.m integral 

method for ~ = 0 and ~ = l. 287, <P = 0. 42. 
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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, aP,pa
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 empl0yee 
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. 
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