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ABSTRACT

The Stefan diffusion tube has been widely used-as a means of
determining vapor-phase diffusion coefficients. By this method the
diffusion coefficient has been calculated on the assumption of plug-

flow (flat) concentration and velocity profiles in the diffusion tube.

- These assumptions have been examined theoretically and experimentally

- in this study.

The theoretical study and the experimental results indicate that

the concentration profile is flat across the diffusion tube. - The velocity

profile was found to be developing from a flat one near .the liquid sur-

-face to a parabolic one at the other end of the tube. However, .it has

been shown theoretically that the shape of the velocity profile does not
affect the mass flux provided the concentration profile is flat. Thus

diffusion data that have been calculated from Stefan diffusion tube data

- with the plug flow approximation are correct.



INTRODUCTION

The Stefan diffusion tube has been widely used for the deter-
mination of vapor-phase diffusion coefficients.  The diffusion coeffic-
ients have been calculated from the measured mass flux, assuming
flat concentration and velocity profiles. - These assumptions have not
previously been verified, although intuitively one would expect them
to be essentially correct.

- This report describes a theoretical analysis of.the flow system
and an experiment designed to determine whether or not the flat-profile

assumptions are valid. - The equations of motion were coupled with the

- diffusion equation to obtain theoretical velocity and concentration pro-

files. - The results were then verified by an experimental measure-

ment of the concentration profile, using a modification of a. thermal
conductivity cell. - The system used for the experiment was benzene

diffuﬁsing,thr-ough stagnant air at 35 °C and 748 mm Hg.



THEORY

- Background
The equations for isothermal diffusion are well known, having
first been developed by"Ma.xwelll and Stefan, 2,3 For the ith component,

these equations have the form

n
p 9 _ Z N;¥j - Nyy; )
RT dx Dij ’
| f

. This equation, in the case of binary diffusion, which is the case of
interest in this study, can be transformed into4'

DopP dyy @)

Ny = T ax T WNatNg)y, -

This equation is defined by Bird, et al. > as Fick's first law in terms
of N,» relative to stationary coordinates.
With component B stagnant, i.e., NB = 0, the equation becomes
-D, P dy
AB A 3)

No® Tt & *Nava-

The first term on the right-hand side is the contribution of equimolal
diffusion; the second term is interpreted as the contribution to the flux
of A due.to the bulk flow set up by the diffusion. Integration of Eq. (3),

assuming D constant, gives

AB

D, P Ap
N, = 2B , (4)
A RT Ax (pf)

where (pf) is the diffusion-film-pressure factor. It is defined as
(P-ps) - (P'PO)

P- _pS

P- Pg

Py
£n

- Equation (4) is used to calculate diffusion coefficients from mass flux

data obtained in the Stefan tube apparatus.



-Inherent in the integration of Eq. (3) is the assumption that the
velocity and concentration profiles in the Stefan tube are flat; i.e.,
the model is a plug flow one. This study was undertaken to check the

above assumptions theoretically and experimentally.

Thedretical Analysis '

‘Consider the diffusion system shown in Fig. 1. Liquid A is

evaporating into a stagnant column of gas B. Right at the liquid-gas

- interface (x = '0) the gas phase concentration of A, corresponding to

equilibrium with the liquid, is denoted by Cs.
At the top of the tube (x = L) a2 stream of gas B flows past

slowly.  The whole system is kept at constant temperature and pres-

- sure. At steady state there is a net flux of component A away from

the evaporating surface and component B is stagnant.

- The basic differential equations of momentum and mass are

.used as a starting point in establishing the concentration distribution
‘as a function of the radial and axial directions.- The x component of

. the steady-state momenturmn equations, in cylindrical coordinates for

a fluid with constant properties, as given by Bird et al., 6 is
v 2u + L@_ du + du| _ 8p
PV BT T v o 9x

1

If one assumes there is no axial pressure gradient and that the axial

2

. : ,
’ '-8u> 1 9 u 9 u
('73? °  86% 8x2].

:‘z‘m

. and.azimuthal velocities are negligible this equation becomes

2
.ou  _ 1-9 du 3 u
“R“V?_?( 5‘5)'”’_2 : (5)
9x
The assumption that %—I}){ is negligible is verified by later

calculations.
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Fig. 1. Schematic diagram of the theoretical model.



- The corresponding steady-state diffusion equation for com-

ponent A with a constant diffusion coefficient and density is -

. B A
-9C 0 a9C 0°C
‘ A + D A

r var aX'Z - (6)

Equation. (6) results from the application of conservation of mass and
Fick's first law. ’
Now consider the boundary values of.the system.

1. The concentration of A at the liquid-gas interface is constant.

- Hence

C, = CS, a constant at x = 0 for all r.

A

. 2.. The concentration of A at the top of the tube is zero. - Hence

CA=0 at x = L for all r.
- 3. The concentration profile is axially symmetric. - Hence
: 8CA _
35 =0 at r = 0 for all x.
r
4. There is no transfer from the walls of the tube into the gas. Hence
Ca g at r = r_ for all
55 \ r = r, for all x.
5. There is no slip at the wall. Hence
u=0 atr=‘r0fora11x.

- 6. The velocity profile is axially symmetric.  Hence

ou _

=0 at r = 0 for all x.
or

- 7. At the evaporating surface the diffusion velocity is related to

the concentration gradient of the diffusing species by

B "8 C : .
u= - -I-)— ——‘—A*- at x = 0 for all r.
-CB- ox _

- The above boundary conditions apply to the functions C(x, r)

and u(x, r).. Boundary condition 7 couples the convection equation. (5)

and the diffusion equation (6). This boundary condition is obtained

from Eq. (3).



.. . The above equations. assume that the mass average velocity is
equal to the'mole ‘average velocity. 'This is true only when the mo-
lecular weight of A equals that of B. - However, for low: mass-transfer
~ rates the assumption introduces little error and is satisfactory.

. Since the form of the hydrodynamic velocity, u, in the tube is
not known, several approximations are made and discussed here. First
an average uniform hydrodynamic velocity uy over ‘the tube cross sec-
tion is assumed, and the solution to the diffusion equation (6) is a-
chieved.

The solution of the diffusion equation (6) that satisfies the
boundary conditions 1, 2, 3, and 4 is
1 - exp[(uy/D)(L-x)]

. CL=C . A7)
O 75 {1 - expl(uy/DIL]

Equation (7) is equivalent to Eq. (4) and bdtim can be used to calculate .
either the mass flux or the concentration profile.
Now the magnitude of the assumed velocity u, can be estab-

lished by applying boundary condition 7 to Eq. (7). Then

B D 8C0
Yo~ T ¢ | TIx
' - B x=0
Hence
C
_ D S

With D = 0.11 cmz/sec and. a tube length L of 13 cm, the value of u,
at the total pressure of 74.8 cm of Hg and at a temperature of 35 OC
is 0.00186 cm/sec. - By use of this value of U the concentration
.distribution Co(x) is calculated from Eq. (7).  This is plotted in Fig.
2. C0 is seen to be a nearly linear function of x..

At this point a new velocity distribution is assumed, of the ¥
form

u.= 1_10 + ul (9)
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Fig. 2. Concentration profile based on assumption of flat
velocity profile. (Benzene diffusing through stagnant
air at 35 °C.)



where ul(x, r) representé a perturbation.in the previously assumed

uniform hydrodynamic velocity, Uy

Substituting Eq. (9) into (5) gives

auo . .BuQ . _ 3111 . aul ' .
Yo% T Y1 Tox Yo Tox Y1 Bx
| - (10)
8% 9w, 8%u a%u au, 9%
0 L 0 0 Ny 1 1 1
=v 5 + — + 5 -+ v 5 + = + > -
or I or 9x"” ar r 9r ox J
Since u, is a constant, Eq. (10) becomes
ou Jdu azu du . azu»
1, 1 1,1 1, 1 (11)
Yo 3x "Y1 Bax TV 2 T or 2
. i or ox
6ui .
The term uy 5= is of second order and can be neglected.
One obtains, from Eq. (11),
du 8% au a%u
. I _ -1 + 1 1 + 1 (12)
Yo 3% v Z T T Br Z
or 9x

The diffusion system under consideration is characterized by
very slow motion flow. Since the inertia forces are proportional to
the square of the velocity, whereas the viscous forces are proportional
to its first power, the inertia term may be neglected as suggested by

Schlichting,.8 and Eq. (12) rearranges into

Ju 9. u .
1 1 -1 ‘ -1 _
v > + = 5T + =0. (13)

Since uo is a constant, the substitution u = uy + u0 may be made
for u, in Eq. (13), giving

(o

2 2

8u ;1 %, 8u _, (14)
2 T r 2
or X



- The boundary conditions are

- 1. No slip at.the wall, or
‘u.= uy + Uy = O atr = ro.for all x.
- 2. The perturbation, ups must be zero at x = 0:

u1=0 at x = 0 for all r.
- 3. . Since the system is axially symmetric,

Ou _ 0 at r = 0.for all x.
or

- 4. The last boundary condition is obtained from the equation of

continuity. At x = 0.the radial velocity is zero.  Thus

—a—u=0 at x = 0 for all r.

ox
- The equation may now be solved by the method of Separation

.of Variables. Assume . that the solution of Eq. (14) is of the form
u.= X(x) R(r); (15)

when Eq. (15) is substituted. in Eq. (14), there result two differential

equations,
2 2
-dX a o _
2 v X =0, (16)
X
and
2 2 :
d R 1 dR a -
— + = I + - R =0, (17)

dr

where a .is a constant to be determined by the boundary conditions.

- The solution of Eq. (16) is

2 2
"X = A cos /%—x+Bsin /Sv—x (18)

Equation (17) is one form of Bessel' s equation, and has solutions of

2 . 2
= ] a ' a

. the form
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-where A, A', B, and B' are constants to be determined by the bound-
-ary conditions. JO -and Y0 are zero-order Bessel functions of.the
first and second kinds. Applying boundary condition 3 gives B' =0, -

and Eqs. (18) and (19) are combined to obtain the solution for u: A
2 2 2 “
w=| Acos [-2 x+ Bsin {—xJ — r | (20)
v v 0 v

The application of boundary condition 1 requires a slight modi-
fication of the definition of Uy Initially ug had been defined as being
constant over the whole cross-sectional area. - However, u, must be

zero at the wall (r = rO)" - Thus, for u, one can write
= E J z (21)
g - nto \Po 7 |
= .
where the En'vs are chosen so that u0 has a constant value for all r

except for r = Ty where Uy = 0. Then, when boundary condition lis

applied both uy and u, are zero at r = Ty The values of En are found
through the orthogonality relationships. : 7

- Using boundary condition 1 on Eq.  (20) requires @_ro =B,
which is a root of Joo - Hence

= S X . X r
u—ul+u.o-<Ancos[3nr—O +an1n[3n?0>J0<ﬁn;-6>, (22)

Applying boundary condition 4 requires Bn' = 0.

. Therefore ,
x r

0

Now, applying boundary condition 2, one has

ul =0 = —uo + An JO <ﬁn —1:—> ° (24)
x=0 n 0



\

C-li-

Substituting Eq. (21) for u, and comparing terms shows
E =A .
n n

Hence

w.= Z E_cos B_ i;-(-) J0<Bn :—0> (25)
n

This is the complete solution for the velocity, u.
Using the orthogonality relationships of the Bessel functions

provides a means of evaluating E according to the relationship

. rO .
F‘ofo T I <|3n ?a) dr

= ° . (26)

n r

0 2 T
T JO B, = dr
0 nTo

The integrals in Eq. (26) are given in Carslaw and Jaeger. 9 When

Eq. (26) is evaluated there results

2u
E = 0 (27)

S,y

Solution of the Concentration Distribution

. The concentration distribution.is calculated by using the ve-
locity distribution given by Eq. (25) in the diffusion equation (6).

‘Assume now a perturbation, Cl’ in the concentration such that

C=C,+C (28)

0 “1°
where CO is given by Eq. (7). Substituting Eqs. (9) and (28) into
Eq. (6) gives

5C aC aC 8C
u 0 + 0 + — +
o TBx T Y1 Bx Yo Ix "1 - (29)

1
9x
8%cy , 8c, 8%C o’c, , 8c, a’c
= D + = + +D + = +
2 r or 2 6r2 r

9r ox
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oC
Rearranging and neglecting the second-order term u, —532-1 gives

Yo [8%c “8c. #%c
-0 D 0 + 1 ‘0 + 0 .

Y9 Ix 2 ' r @dr 2

v or dx

0 Ox 1 9x 2 T or
. or ox

ac, 8¢, 8’c, , 8c; a°c,
+ u tu, -w— -D{ ——5 + — - + 2 = 0.
- The first term contains only C0 and is, thus, only a function of x,
while the second term is a function of x and r.. Thus each term must

. equal zero. The solution.to the first.term is immediately given by

-Eqs (7). Then, the equation to be solved is

s%c, oC, /e°c, | 8c, aC,
D —5 - 4 tD{—5 * ¢ U g% 30
ox o0x or . or

Equation (30) is to be solved with the boundary conditions

1. CIA =0 atx =0, for all r,
2.- C1.=0 at x = L, for all r,
- 9Cy '
3. —4— = at r = 0, for all x,
or _
8Cl
4, —5;—-0 atr=r0for all x.

Boundary condition 1 results because the perturbation must ibe zero
initially. Condition 2 follows from the statement of the problem,
since C is given as zero at x = L, and CO is also zero at x.= L.

- Boundary conditions 3 and 4 result, respectively, from the symmetry
of the problem and from_the impermeability of the wall to mass.flow.

From boundary conditions 3 and 4 one is led to try a solution

C = Y a g, <xk rio) (1)
k

of the form

where )‘k is a root of Jl.
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Differentiation of Eq. (31) and substitution into Eq. (30) yields

. D Z -ak"(x)vJ()(—l_XEO r> - u, Z,ai{(x) Jo(:—l(; r>
k. .

k
\ N\
j k k
-(32)

C u, exp(—uoL/D + 1_10fo)

- E cosp_ = J.|p L) :

N Now start with. Eq. (32) and multiply both sides by
rJO( rm r) and integrate. Because of the orthogonality of the Bessel
functio%s_the only terms remaining on the left-hand side are those for

k = m. - Thus

T
2 T 2 T
Da! (x) r JO ()\m = )dr - uoa' (x)j' r JO ‘)\ -1:—) dr
0 0 "0
)\m : Fo 2 r
—Dam = [ rJO )\m—-—)dr
0 0 0

H
5]
—
]
=
0
Q
4]
e
=
o[
—
kﬁ
-
(o]
H
(3
vO
_N
o]
o[+
N———
o
o
e
5
o'+
N——
[o B
L—H_J
———

(33)

C.u, exp(-u,.L/D)
X { S 0 0 exp(pox/D)} .

D(1 - exp(-u,L/D))
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. Upon-integration of Eq. .(33), one:gets ..

K_a' (x) - L_a! (x) " Ma ) = z_gn'fn(x), N €20 :
where . > ' v
B 0 .2
K =D 5 JJ () (35)
2 . .
- o 2, | |
L. =Y 2 3o 0 (36)
M_=D Mo 3% (37)
m- P 7 Jo ()
B | |
Cequ r' B .|| exp(-u L/D)
By = By 1 11070 57— || ——2 (38)
: B'n - )\m l-exp(-uOL/D)
A.and ‘ . » o L o , _ )
f (x) = cosp_ % exp(‘uox/D).r v - - (39)

0

Since the boundary condltlons on C are homogeneous, the

boundary conditions on a‘n‘u are homogeneous - That is
a =0 atx =0 . o (40)

a =0 at’x=L . - (41)
m

First, Eq. (34) is solved by assuming it is homogeneous, i.e.,
g, = 0. Then

K a" (x)—L al (x)-M a (g)?o- | H (42)

This is a homogeneous equation with constant coefficients, which has

a solution

am(x) = Smoxp(blix) + Tmoxlo(bZ'X) R (43)
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- where

5 _LaNPiakm | (44)

by 7K
_-L-«/LZ.+4KM '

by = 2K : - (43)

b

- The constants, bl. and bz,. are also functions of m.
The particular solution to Eq: (34) must now be found. This

equation can be solved for each value of n. Thus one can write

K

B _ LI -
- mym, n {x) - Lmy m, n(x) MmYm, n(x)

= 8, nucosﬁn %{C—) exp(p.ox/D), - (46)

The function y is now the particular solution to the equation.

. _From the form of the driving function, one is led to try a

solution of the formlo

y =G eAXcos[S x+ H eAX sin B_x, (47)
m,n m,n n m,n n
. 110
where A= B
B
Bn": rn
' 0

For convenience thé m subs‘cript_will now be dropped. - However, .it
must be remembered that this is only the solution for a particular value
.of m. If Eq. (47)-.is differentiated with respect. to x and the results
substituted into Eq (34), one gets ' o
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'lf
[exp(AX)c'osB.x KAZG.+2KABH.-aKB2G -LAG_-LBH —MG.—g]
n n n . n n .7 n n °n

24 .LAH +LBG -MH_|= 0.
n n n n

(48)

- Now since, in general, each term must equal zero one has the

4 [exp(Ax)sin an] [KAZ H -2AKBG_-KB

relationships
~H y= 4
G ¢-Hy=g, o (49)
= . : 0
G y+H ¢ =0, | - (50)
where ,
¢=KA2-KBIZI-LA-M,. . (51)
y=LB_ -2KAB_. . (52)
n n ) . .

Solving Eqgs. (49) and (50) for .G and H giveé

H o =-g [ 54—, - (53)
n n<¢2+YZ> _ |

G =g, [ - (54)
. ¢ty

Gn and Hn. are functions of both m and n. All the terms in
Eqgs. (51), (52), (53), and (54) are known except for Hn' and Gn"A Thus
these coefficients can be found. ’

The total solution for Cl is then found by combining the

homogeneous and the particular solutions. Then one obtains

C, = Z 5 [ 2m s b b.
1° 0 — T m exp( 1x) + Tm exp( 2x)

m 0 (55)

+ Z Jo < ;2 r ) exp(Ax) {Z G pcos(B x) + H_ o Sin (an)} .
m n
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- Now, applying the boundary conditions -

C =0 atx=0" - ' (56)

(57)

"
-

C1.=0 at x

results in the following at x = 0

=5 +T +-ZG o (58)
m m m,n
n
or .
S +T =- Z,G - (59)
m m m,n .
— |

At x = L one gets:

0= Sm exp(mlL)+ Tm exp(mZL) + exp(AL)z Gmp nco.s(BnL)-l-Hm,nsin(BnL).
n : ,

(60)
Since these equations contain summations . they cannot be solved. easily
‘to obtain explicit functions for S and T.. To obtain these, one must
put in numerical values for G .and H
m,n m
from Eq. (55).

- Equation (25) was used to calculate the velocity profile, using

Then C1 is calculated

s

the first two eigenvalues. Convergence of the series was tested. at
x = 0 by using eight eigenvalues.  The results with eight eigenvalues
. were within 10% of u, for all r except near r = 0 and r = ’r.o. At
these points even more eigenvalues are required.. The series can
.thus be seen to converge, but it converges slowly.

. The concentration profile was calculated by using only the
first four values of n and withm = 1. After four terms the sum-
mation in n.is converging very rapidly.: Calculations were made for
m = 2.  This gave a correction of only 10% of the value for m = 1.

Numerical evalution of the concentration profile shows that
no significant radial concentration gradient exists. - Now consider a

-diffusion tube with no radial concentration gradieht but with some
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radial velocity distribution.- Component A is diffusing through stag-
nant component B. - In a thin cylindrical section, which has a constant
velocity u(r), the mass flux is given by

8CA

This is equivalent to Eq. (3). The total mass transfer-is found by

- integrating over all values of r, or

Yo o dC, o
J e = N, 2wrdr = 27 -D —— | rdr+ 2w C ,u(r)rdr.
T A dx A
0 0 0
(62)
Since CA is not a function of r, one gets
9aC,.
_ A 2 2
Ip = 'D<ax >" Ty Tugmry Cp (63)
or
J aC
_ T _ A
NA = —T“r = .D e + u0 CA . (64)

0
Equation (64) is the same equation one gets by assuming plug concen-

tration and velocity profiles.. This can be integrated. to give Eq. (4).

Alternative Development for Obtaining

the Concentration and Velocity Profiles

In the above development of the concentration and velocity
equations three assumptions were made in writing the basic momen-
-tum equation:
1 dp . ..
- g% 18 negligible, 7 v
2. There are no axial or azimuthal velocities.
- 3.- Inertia terms may be neglected.

7 These assumptions seem quite valid in view of the low velocities
in the system. A more rigorous method of solution is possible, how-
ever, that does not require assumptions 1 and 2.- This method is now
-outlined, but not solved, since the solution is extremely difficult and

probably can be solved numerically only on a computer.
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Consider the radial and axial equations of motion in cylindrical

coordinates,
| o | .

ov v | _-3p R 1 8 3" v _
P{"ﬂ*“ﬁ&]‘:ﬁ*“ ﬁ(;ﬁ(rv)>+ ——zax] (65)
and
' ou “du -dp Fl 9 ou 2'u
PV te | T e T e leE)t L2 | - (66)

Again it is assumed that there is radial symmetry (VO = 0). Since
this is a case of very low velocities, the inertia forces are again

assumed to be negligible. 8 Thus

2
) 5 (1 )
a—f;:".[ﬁ <; = ‘“”)* —%} ; (67)
' ' ox
. _ 2
dp _ 1 o ou d u .
“—g'v[}‘ﬁ(?—r”;;z]% (68)

If Eq. (67) is now differentiated with respect to x, and Egq. (68) is

differentiated with respect to 7, and the results are subtracted, one

gets
2 18 (1o N, 8%v| _ 8 |1 ® - au)+.82u . 69)
ox [9r\7 ¥z ¥ sz - @r |r 9r or aXZ YT

The pressure term has been eliminated from Eq. (69). - Now v and u
.are expressed in terms of the stream function, J, according to the

following relationships from Bird, Stewart, and Lightfoot:

Q
R

_ 1
TEREE- (70)

[+%)

T

.18
VT T Bx

<

(71)
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Then Eq. (69) is transformed intol.1
vi=o, | (72)
where : :
2 2
v = 3_2 _l‘g_ +»3_2 (73)
or T T ox
and
_4 2,2 :
Vo= vV OY). - (14)

Equation (72) is a fourth-order equation in the stream. function which
.. automatically satisfies the equation of continuity:
- The coupling between Eq (72) and the diffusion equation (Eq. 6)
is again provided by the relationship
8C

-.CB x x=0 '

- The simultaneous solution of Eqs. (72) and (6) satisfying Eq. (75) and
the following boundary conditions provides the exact solutions.for u

.and C.in the Stefan diffusion tube.

Boundary Conditions

u=0and r =0 at'r=r0 for all x,
du _ atr=0  for all

5% r = for all x,
C=CS catx.=0 for all r,
C=0 atx =1L  forallr,
oC _ = :
3= =0 at.r—O,rO for all x.



OUTLINE OF EXPERIMENT

The theory of the Stefan-tube method for measuring diffusion

coefficients has been briefly mentioned.- More detailed discussion of

this method may be found in References 12 and 13.

The experiment is carried out by placing a.liquid in the bottom
of the diffusion tube. The liquid evaporates and diffuses through the
stagnant gas. . After steady state is approximated. sufficiently (which
has been estimated.to require less then 15 minuteslz,)'a concentration
profile and a related velocity profile are established in the Stefan
diffusion tube. '

In this study, a probe based on a thermal conductivity cell was

used to measure the concentration profile. - The velocities. involved

are so low as to be undetectable, at least with the eqiiipmentiusédiin

. this experiment.

. The diffusion coefficient can be approximately calculated from

the weight loss of the liquid by use of Eq. {4).- Corrections must be

- applied to the calculated diffusion. coefficient to take end corrections

into account.. This is explained fully by Lee and Wilke. 12 The real
diffusion coefficient is then obtained from
1 . Ax 1 1
R 2 I (76)
D <DR> x DR

where DR is the real diffusion coefficient (within the limits of the plug

flow approximation) and Ax is the correction to the diffusion distance

~ due to disturbance at the ends of the diffusion.tube.
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- APPARATUS
The apparatus used in this study is shown schematically in
Fig. 3. A photograph of the apparatus is shown in Fig. 4.  The
diffusion system is substantially the sé.me. as that used in recent
measurements of diffusion coefficients and ié described in detail by
'Getzinger;'13 However, a probe and electronic recording equipment

- . have been added to measure the concentration profile.

- Diffusion System

‘The diffusion unit is shown schematically in Fig. 5.  The air
enters the diffusion unit through straightening vanes to eliminate tur-
bulence before passing over the diffusion tube. The diffusion unit was
constructed of brass.  Leads are provided to connect the probe and
the electrical measuring devices. A photograph of the equipment is
shown in Fig. 6. ' ) '

The diffusion tube itself was designed to give a diffusion area
with 1 in. i.d. A schematic of the tube and.the probe is shown in
.Fig. 7, and a photograph of the actual equipment in Fig. 8.  The
diffusion tube was built with a step design. The bottom was l-in. i.d.
- and the top a 1.50-in. i.d. to accommodate the probe.  With the probe
in place the top part also had a 1-in. i.d. providing a smooth diffusion
. tube. | :

The probe was not extended to the bottom of the diffusion tube,
so that liquid was prevented from risingvup between the probe and the
diffusion tube wall by capillary action (preliminary experiments had
éhown this to be a problem).

- With the probe in place, the actual diffusion aréa was an uniform
l-in. i.d. circular cross section. An aluminum sleeve was used over
the bottom of the diffusion tube to get a uniform outside diameter of
1.535 in. - This gave a tight fit within the diffusion-tube holder, pro-
viding good thermal contact.

The diffusion. tube itself was constructed with a wall thickness
of only 0.018 in.  This made the assembly light enough to be weighed
on the analytical balance in the laboratory to determine the weight loss

by evaporation during a run.

“
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Fig. 3. Schematic diagram of the apparatus.
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Fig. 4. View of the apparatus.
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Fig. 6.  Diffusion unit (exploded view).
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ZN-3359

Fig. 8. Diffusion tube and probe.
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Measurements were made of the time required to reach thermal
equilibrium in the system. After only 15 minutes the gas temperature
as measured by a conventional mercury thermometer was found to be
within 0.1 °C of the bath temperatures.

Air enters the system at room temperature from compressed
air cylinders through a three-stage pressure regulator. It is then
dried with an isopropyl alcohol—-dry ice trap and is then further dried
with a 6-in. column of Drierite. After passage through a flowrator,
it is heated by an electric heating element to about 32 °C. The air is
then passed through 40 feet of copper tubing immersed in a constant-
temperature bath, where it is heated to 35.0+ 0.1 °C, the temperature
used in the experiments. The diffusion unit is also immersed in the
constant-temperature bath to insure isothermal operation. After
passing through the diffusion unit the air is exhausted through a blower
to the outside.

The constant-temperature bath is a 12-in. -diameter by 16-in. -
deep Pyrex jar housed in a large wooden box insulated with Styrofoam.
The bath temperature is maintained at 35.0+0.1 °C by an electric
heating element regulated by a mercury thermoregulator connected to
a specially built controller. The temperature was chosen to give
reasonably high vapor pressure for the benzene, the liquid used in the
experiment. The bath is agitated by a Variac-controlled variable-speed

General Electric motor driving a specially built propeller.

Probe

To measure the concentration profiles in the diffusion tube, a
probe based on a thermal conductivity cell was used. An optical meas-
uring system was considered but rejected because it would require a
change in the geometry of the diffusion tube. An optical device could
be used only with a flat slab for the diffusion tube, and it was desirable
to maintain the geometry used in previous studies.

A brief study was made of the expected probe response to per-
mit optimum probe design. The principle of the probe operation is
the same as that of a thermal-conductivity cell. A small electric

current is passed through a high-resistance thin wire. Since the
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resistance depends on the temperature of the wire, measurement of
the resistance by a Wheatstone Bridge permits one to obtain the wire
temperature. The wire temperature depends, in turn, on the rate of
heat removal, which is a function of gas composition around the wire.
A heat balance about a differential cross section of the wire,
assuming no radial temperature gradients within the wire, gives
2 ™ 2 dZTw
IRw+e kW-—4_ Dw v enDW(Tw—TA)h_C=0 (77)
dx
where hc = heat-transfer coefficient between the wire and the sur-
rounding gases, ¢ = conversion factor, 4.2 joules/calorie,
kW = thermal conductivity of the wire.
The resistance of the wire is given by
R = RO[ 1+ 9(T—T0], (78)

and the heat-transfer coefficient for free convection is given by14

) B 1/4
PePw g pel/a | Pw Pe 8V (T TA) 7o)
K : Z
. b
2 3 1/4 \ 1/4
dY(T_-T,) 1.88 k, 1/4( Dy PeEY 1/
> DR U . - - _ I
e e DZ HZ w A
W f
(80)
2
41°R 6
ol (T -T,) =~ @R/ (D P ek )
2 w A 0 w W
'erwe kw

This nonlinear differential equation must satisfy the following boundary

conditions
d(T -T,)
1. ¥ A.p at x = 0,
dx

i. e., the temperature profile must be symmetric about the center of

the wire.
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Zs Tw— TA =0 at x = Z, or the temperature of the wire must
be equal to the temperature of the supports at the ends.

This equation was solved numerically to give the response of
the probe to changes in gas composition. With a current of 0.2 A the
following results were obtained.

Probe length (cm)

0.08 0.6
Resistance change (ohm) 0.00015 0.118
Air vs air sat'd with benzene,
AR /% benzene 0.000008 0.0062

The results clearly show that a longer probe is required in order to
assure satisfactory sensitivity., The Wheatstone bridge circuit used
in the experiment is capable of detecting resistance changes of about
0.02 ohm. Thus a total resistance change of 0.40 ohm would be re-
quired when going from pure air to air saturated with benzene, in
order to measure composition changes of 0.5% benzene.,

Short probes also give a sharp high-temperature peak, whereas
the longer probes give a flatter temperature profile. Thus, although
the sensitivity of short probes could be increased somewhat by raising
the current, this would result primarily in 2 higher temperature peak
in the center. It was therefore decided to construct instead longer
probes, giving the sensitivity required without extreme wire temper-
ature at any point. This was accomplished by constructing semi-
circular probes.  Because of the axial symmetry of the diffusion system
these probes could still be used to measure the radial concentration
gradients. Three probes were constructed, each of a different diameter.
The dimensions are given in Table I. A picture of Probe 1 is shown in
Fig. 9.

Table I. Probe dimensions.

Probe Nominal diameter Maximum deviation Nominal
from diameter resistance
(in. ) (in. ) {(ohms)
1 3/4 +1/16 24
2 9/16 +1/32 18

3 7/16 < % 1/32 15
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Fig. 9. Probe 1.



" The probes were constructed. with. an.aluminum ring as the
primary support.. The probe itself was constructed of 0.000475-in.
diameter cleaned tungsten wire obtained from the Wah Chang Corp.

. of New York, Thin glass capillaries were used to support the probe
wire and maintain its .semicir.cular shape.. Holes were drilled in.the
aluminum ring to place and hold the glass supports. . These were filled
-with an epoxy ;cesin,v Epon 828, to hold the glass in place and to provide
. a smooth interior surface for diffusion.

The tungsten wire was attached to the copper leads by a com-
pression fit. A fine slit was cut in the coppér leads and the tungsten
wire was inserted, and then the copper wire was crimped to secure
the tungsten. The wire was attached.to.the glass supports by using a
small amount of '""Duco' cement.

The probe was placed. in the diffusion tube along with three
1-in. ~high 1-in. aluminum rings. The vertical position of the probe

-was changed by moving its position among these rings.. All these
aluminum rings had a machined inner surface of 1 in. i.d. in order to

provide a smooth diffusion tube.

Equipment for Measuring Probe Resistance

A specially constructed dc Wheatstone bridge was used to
measure the probe resistances.- The signal between the two branches
of the bridge was sent to a specially built preamplifier and then to a
Brush dc amplifier, Model BL-932, and finally to a Brush, recorder,
Model BL-202. A variable 5000-ohm resistor was placed in parallel
- with.the probe.. When the current to the pi‘obe was first turned on,
this resistor was set at its minimum resistance, about 1 ohm, thus
diverting most of the initial current surge away from the probe.- With-
out this resistor the probes were often burned out by this initial surge.
When measurements were to be taken the resistor was turned to its

maximum value, essentially removing it from the circuit.

. Probe~Calibration Cells

Three probe-calibration cells were also constructed. An effort

. was made to minimize adsorption of benzene in these cells, since an
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-accurately known composition was desired. Therefore all seals were
made either with metal-to-metal contact or with Teflon as a gasket
material. A valve for sampling the gas composition was provided.

The leads to the probe were sealed with Epon 828.
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EXPERIMENTAL PROCEDURE

Benzene was chosen to be the diffusing substance and air as
.’ the gaseous diffusion medium,; These were selected because con- .
siderable diffusion data have been obtained for these components in

. the Stefan-tube apparatus. Also these components have considerably
| different thermal cpnductivi.ti.es, thus giving a reasonably good probe
sensitivity. - The.temperature of the Asyétem was chosen at 35 °C to
give a reasonable vapor pressure and. thus a significant mass flux.

- . The air flow rate over the diffusion,.jiube‘{\%/a,s"ého‘s“en. to give
minimum end effects due tc turbulence at.the tbp of t-he diffusion tube,
but high enough to insure that stagnation did not take place.. Prelim-
inary experimenté indi,catled that the air ﬂow«rat@.fof this system
should be about 120 cc/min, giving a velocity of 4.65 crri_/?sec through
the straightening vanes in.the diffusion system. This is somewhat »
. lower than the gas rate used in recent Stefan-tube studies by Getzinger. 13
A lower gas rate was.required because of increased turbulence in the
diffusion system due .to the presence vofthe probe leads. - The gas rate
fixed the operating pressure at 106_'1:0 2.0 in. of water above atmos-
pheric pressure. |

After the air flow rate was determined some runs were made
on the system without the probe in place, in order to determine the
characteristics of the system. After these runs were finished runs
were made with the probe in place. Data were taken with each probe
in three vertical positions.. Probe resistances were measured by
using a Wheatstone bridge and using the Brush amplifier and recorder
to measure the bridge balance. .The bridge circuit was used.out of
balance by a fi)’:ed.amdunt;o- Figure 10 shows schémati_cally how the
. apparatus was used. The balance point on the recorder was set far
to the right of the recorder scale.. Then all measurements were made
when the Wheatstone bridge was adjusted to give a recorder reading
on the left-hand side of the scale.. The same point on the recorder
was used for all measurements of the probe. - This technique was used
because it gave considerably less noise in the recorder signal. The
noise ratio was greatest when the measurements of the probe resistance

were made at the recorder balance point.
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Fig. 10. Schematic representation of recorder operation.
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) -When measurements were made on the probes the time used
was as short as possible, in order to avoid setting up convection
.currents in.the system. Several readings were made of each run,
since making good electrical contacts proved to be a problem. Care
was taken to make sure that the contacts were clean at all times.
. _The lowest resistance reading of a series was picked as.the true value.
A precision 20-ohm wire-wound resistor was used as a standard and
.was measured before and after each series of runs to make sure the
characteristics of the electronic equipment had not chahged.,

- The probe resistances were adjusted when the standard resistor
varied from its arbitrarily assigned value. The correction applied to
the probes was obtained by measuring the apparent change in resist-
‘ance of several fixed resistors (ranging from 10 to 50 ohms) for a
deliberate change in the reading of the standard resistor.  This cali-

- bration curvé is shown in Fig. 11.

The probes were calibrated in calibration cells with known gas
compositions.- The gas composition was determined by putting a known
. quantity of benzene into the calibration cell.. The benze‘ne was added

in small glass bulbs with capillary openings. - These bulbs were
weighed while empty.. They were then heated and a small amount of
liquid benzene was drawn in, .The bulbs were sealed and reweighed,
givirig an accurately knqwn' sample of benzene.  In the cell the bulbs
were broken and the benzene vaporized.
The gas composition in the calibration cell was then calculated.

The composition was checked by a mass-spectrometer analysis of the
gas to insure that adsorption in.the calibration cell did not seriously
alter the expected composition. - The calibration cells were kept in
_warm water until the mass-spectrometer sample was taken, in order
to prevent condensation of benzene on the walls. - Duplicate mass-
spectrometer runs were made on several samples, showing repro-
- ducibility of + 0.5%. Figures 12 and 13 show the gas corri_position
in the calibration cell vs the amount of benzene added.  Cell 1 had the
gas compositions expected, but Cell 2 was lower .than expected. This

- difference was traced to some exposed plastic insulation on the shielded
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-microphone cable leads. This cell was accordingly modified to be.
the same as Cell 1, and then both _g;ve the. expected gas éompositioné.
After runs in the Stefan diffusion tube.and the calibration cells,

the resistance of the probes was measured in air. This was necessary
‘because the resistance of the probes éhanged slightly with time. The
resistance in air gavé a base point with which the resistance obtained
during the run could be compared. -. This:technique also helped elimi-
-nate. contact resistance effects, since the resistance in air was meas-
ured with the same connection as had been used during,éhe previous
run. ‘ - ' ' '

. Benzéne loss in the Stefan diffusion tube was determined by
, weighihg the tube before and aft.er each run.  Weights were determined
‘to the nearest 0.0001 g.- While out of the system the tube was kept
stoppered at all times to prevent evaporation of benzene.. Liquid depth
in the tube was determined from the weight of benzene.  Most runs
.lasted more then 3 hours. A few runs were only 30 to 40 minutes. .
. Although it has been estimatéd that equilibrium is reached in 15 minutes,

these shorter runs gave badly scattered poinfs and were discarded.
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RESULTS AND DISCUSSION

Theoretical Results

Vevlocity— and concentration profiles-vwere calculated fron;‘Eqsf {7);
- {25), and (55).- First consider f_he velocity profile. - Values of the ve-
locity u were calculated. é.t several values of x and r.- The vr.e.svults, are
_ shown in _Fig.,. 14. . The velocity profile starts out.ﬂaf at x = 0, and
slowly develops into what.is essentially a parabolic profile at x.= 13.

- Since. _only"the first.two eigen,va.lﬁes were used in these calcu-
lations, the values calculated.are not yet completely converged, es-
peciallyrat r =.0 and r = Ty At each value of x howev.er,v the average
v,eloci.ty U, must be »the same, since at steady state the mass flux is
constant throughout the tube. = This was taken into account in drawing

the velocity profiles.  The. values D = 0.11 cm”/sec and L = 13 cm
are used in the calculations.
/vfltlext,_ concentration profiles were calculated by use of Egs. (7)
A and (55). The profile for CO
is a constant radially it varies only in the x direction.
Values of C, calculated at various values of x.and r are given

1
in Table II.. It is immediately apparent that the contribution of C, to

is shown on Fig. 2 (pagé 7) Since C0‘

the total concentration proﬁle is insignificant.  Thus the concentration
profile is given by Co (Fig. 2).. The values of Cl'._ in Table II are based
only on a limited summation of the series solution. The values given
are only for m = 1 and for the first four terms in n. A check of the
magnitude of the terms for m = 2 showed that its contribution was

. approximately 10% of the first.- Thus .Cl‘ is _giv,e-n by a rapidly convergent
series.

Table II. Profile of concentration perturbation, Cl" given as Cl/Cs‘,."

r/r0

x 0 . 0.24 0.71 0.87

_ 22.7x10-5 -2.2x10-5  0.4x10-5 1.0x10-5
13 0 0 0 0
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Since the concentration profile is essentially that of .CO’ there
is no radial concentration gradient.. Thus the flat concentration pro-
file that was assumed in past interpretation of Stefan-tube data was
correct, although there is not a flat velocity profile.

- It has been shown that when no radial concentration gradient
exists Eq. (4) can be used to calculate the diffusion coefficient from
mass flux data. (See Eqs. 61-64). . Thus the assumption of plug
~ velocity and concentration profiles, while not strictly correct, results
in a correct equation for the calculation of the diffusion coefficient
..from the Stefan-tube data.

- In developing the velocity and concentration equations it was
assumed that the inertia terms and the pressure gradient term in.the
equations of motion (Eq.. 12) could be neglected.. .To check this assump-
tion, an estimate was made, based on the calculated results, of the
relative magnitude of these terms compared with the neglected term.
They were found to be much smaller than the viscous.term, as shown

on Table III.. Thus the assumptions were valid.

- Table III. - Calculated magnitude of the terms in the convection

equation at x = 3,

Term Magnitude of term
9p -9
R : 1x10
: 3 u -.-=6
L = 6 X 10
92 -
v _a_% 1x 1073
x :
The term g%; was evaluated by determining the derivative of

the velocity at the wall.

2u
ou 0 X
R } T °°S<ﬁk r—>°
, K 0

I‘=1'0

This gave
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The velocity gradient at the wall is related to.the shear stress by

_du
T Bogr -
- Now. if we make a .force balanc-e, we obtain a relationship between
9p du
EE S T
. dp 2 ) é ‘ < ‘X >
e u, cos|pB, —
a_x 2 gC K -0 k o

- This expression is then evaluated to give g—}% .

- To see the efiect of higher mass-transfer rates on the concen-
‘tration profile, calculations were rhade. és.surning a vapor pressure of
700 mm Hg (instead of 148 mm Hg vapor pressure of benzene) at.the
. same total pressure of 748 mm Hg. This gave a value of u_.o.that was
. 15 times the value for benzene. The resultant value of C1 was much
‘larger, but still negligible. - Even.in this case G, is only 0.1% of the
.value of C .. - Only in very extreme cases of high vapor pressure and

0
very short diffusion distances will C1 be appreciable.

- Experimental Verification

Calibration curves for the probes are shown on Figs. 17 through
- 19, in Appendix B, The probes have a linear response over the entire
concentration range studied. The concentration profile measured by
~the probes is shown on-Fig. 15 and summarized on Table IV.- One can
- see that within the experimental error there is no radial concentration
gradient.

The concentration gradient in x is of interest, since the values
for large x (near the top of the tube) fall on.:the theoretical line. but
the points nearest the bottom of the tube indicate a considerably
~higher concentration than expected.

- These points were rechecked and consistently gave the same
rTesults.. Runs were made in which the probe measurements were
made in air saturated with benzene by shutting off the system air
- flow. When the air flow was started again and the system had reached

eqﬁilibrium these high values were again obtained.
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Fig. 15, Experimental concentration profile.
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Table IV. Results obtained in determination of concentration profile.

Probe 1

Run

] % Beﬁzene

Probe depth (cm)
c/cs

Fraction of diffusio
.. distance '

. Probe 2

A Run
%Benzene
Probe depth, ¢cm
c/_cs
Fraction of diffusion
distance »

Probe 3

Run
% Benzene
. Probe depth, 4c1.'n
c/c,
Fraction of diffusion
.distance
- Probe 3
Run
. % Benzene
. Probe depth, cm
c/cS

Fraction of diffusion
. distance

0.28

0.78

0.58

25M

5.1

2.84
. 0.26

0.77

7.88
0.81

0.38

. 20M
- 9.1

- 5.36
0.46

0.58

21M
7.8
. 5.36
0.39

0.59

16 M
5.8

. 2.84

0.29

0.78

26 M

6.3
- 2.84
. 0.32

- 0.77

31M

16.9
7.88

. 0.85

0.38

.22M
16.5
- 7.88

0.83

0.39

17

17.3
7.88
0.87

0.37

27M
9.0

5.36
0.45

- 0.59

- 33M
6.6

2.84
0.33

0.78

. 38M
. 6.5

2.84
0.33

0.78
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. Diffusion coefficients were also calculated.from the data. The
true diffusion coefficient, corrected for end effects, was found ac-
cording to Eq. (76), to be 0.097 cmz/sec,. This value is somewhat
lower than the value of 0.103 cmz/éec obtained from the measurements
by Lee and Wilke corrected to our conditions. Since some inaccuracies
might be expected in our experiment because of interference by the
probes, the former measurements are considered preferabléo Our
data are summarized on Table V in Appendix C. ‘

The correction for end effects, Ax, was found to be 2.04 cm.
This is quite large, and offers a possible explanation for the unexpect-
edly high'concentration' values near the bottom of the diffusion tube. If
this whole end correction is applied to the bottom of the tube, then the
predicted concentration profile and the data points are as shown on
Fig. 16. The data at the bottom of the table are now much closer to
the expected line, but the data at larger values of x now show.some
deviation from the ,prédi'cted values. However, on the average, this
does give a better fit to the data. ,

- A possible cause of the large end effect at the bottom of the
tube rn:_iy be .found in the diffusion thermo effect. This effect is pre-
dicted by the kinetic theory of gases, according to which a temperature
gradient isk set up by a concentration gradient. This effect has been
observed experimentally, and temperature differences of several
degrees centigrade may be set up. 15

In a binary mixture with a diffusion flow of component 1 there

exists a heat flow

JH =-a' knT grad N', (81)

where n 1is the total concentration of molecules 1 and 2, and N' is the
mole fraction of moiecule 1. The diffusion thermo-effect coefficient,
a', for ideal mixtures is related to the thermal diffusion constant, a,

pyl6
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Since benzene is the larger.and heavier molecule, one would expect a
to be positive (i. e., benzene would diffuse toward the cooler end .in
thermal diffusion).- Therefore a' would be negative.- Thus in Eq. (81),
- with grad N' also negative, the heat flux and the higher tempe.ratﬁ.re "
would be near the bottom of the tube.- Thus one would have a cooler

- heavier gas ontop of a Warmer gas layer, starting convéction currents.
This could cause tﬁrbulence at_the bottom of the tube and might explain

‘the data points. Further work is required to confirm this.
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CONCLUSIONS
. A theoretical study of the Stefan diffusion-tube system indicates
that '
(a) there.is no significant radial concent'rétion gradient in the
diffusion. tube, |
{b) the velocity profile, although flat at the liquid surface, becomes
parabolic at large distances.

Experiment: studies confirm that there is no significant con-
centration gradient within limitations of the measuring method. From
these results.it is concluded that eq.ﬁations developed from plug flow
models.for the Stefan tube could be used to calculate diffusion coeffi-

cients from the data.
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- NOMENCLATURE

§] root of zero-order Bessel function of first kind
C . Molar concentration

D diffusion coefficient
_ DW diameter of wire

v volumetric coefficient of thermal expansion

€ conversion factor

hc heat-transfer coefficient for free convect.iori
JO zero-order Bessel function of the first kind

: Jl first-order Bessel function of the first kind

JH heat flux.

: JT total mass flow = ..

kf ‘thermal conductivity of gas film around wire
: kW .thermal conductivity of wire

A root of the first-order Bessel function of the first kind
N mass flux

P partial pressure

P total pressure

R gas constant

RO resistance of wire at 20 °C

density of gas film around wire

h

temperature

temperature of gas

b

temperature of wire

€

shear stress

temperature coefficient of electrical resistance
~velocity in the x direction .

velocity in-the r direction

kinematic viscosity

T € < g D4 341 40

absolute viscosity
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APPENDICES

A. ASa-'mpl'e calculationof C, at x = 0

1
. First one must calculate the coefficients En" - They are ob-
~tained from Eq. (27):

Zu

. E = BT 6 '
n ﬁn Jl ﬁ1"1
The value of uo,fdr.-the benzene-air system is 0.00186 cm/sec. - Values
of ﬁn and J-l (ﬁn) are obtained from Jahnke and Ende, Tables of Func-
tions, 4th ed. (Dover; New York, 1945) p. 166. Then we have the

following.

B f_r.’_ ' _____Jl(ﬁn) ____En
1 . 2.405 0.5191 - 0.002965
2 5,520 ! -0.3403  -0.001978
3 8.654 0.2715 0.001582
4 11.792 © -0.2325 -0.001359

. Now calculate K, L, and M for m = 1.  Values used are
-D=20.11 ,cmz/sec,

L =13 cm.
These functions are evaluated from the equations
2
r : .
_ 0 2
Km. =D > _JO ()\m), (35)
r 2 o ,
_ =0 .2 :
La=% 2= Jo Op) - (36)
2

_ . 2
M ,-—D“—- _Jov(xm). - (37)
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Then o
K =0.01439,
’Ll = 0.000244,
| M, = 0.131.
- Now calculate ¢ and y from
¢ =KA® - KB ° - LA-M, ' (51)
y= LB_ - 2KAB_, (52)
: : n n
where
u p
A = —Dg- 3 B = = .
To
- Then . ‘
¢11 ° (0.01439)(0.000286)-(0.01439)(1.89)%-(0.000244)(0.0169)-0.131
= -0.183,
¢;, = -0.403,
¢35 = -0.799,
4)14 =.-1.463;
Y5 = 1.89(0.000244-2(0.01439)(0.0169})= -0.000457,
¥y, = =0.001051,
¥ 3 = -0.00165,
= -0.002243..

Yi4
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Now g, is calculated from the equation

- : 2
'CSI.IO exp(-goL/D) \ I ’_ﬁn ’

n “n D .1-exp(-goL/D)/A|3h,2-th

1030 (38)

The value of )‘1 is 3.8317, and

- Jy(h) = -0.4028.

- Now

Cgug [ exp(-uyL/D) L2
D l-ex_p(-uOL/D 0

Jo(hy) = -0.0446 Cg .

- Then we have the values shown in.the.tablé.

E P

. fIl_(ﬁn) - g

n_ n n -en
1 0.002965 . 2.405 - 0.5191 0.0000204 CS
2 -0.001978 5.520 -0.3403 -0.0000116 CS
3 . 0.001582 8.654 0.2715 -0.00000.30 CS
4 -0.001359 11.792 - ~0.2325 —0.0000015 CS
Now
Ym, n
Hm, n- " 8n 2 2 ’
: ¢m, n Ym, n
i} . 0.000457 _ 7
: I__I.ll = 0.0000204 .CS - 5 | = 2‘..78X10 7 CS .

 (-0.183)%+ (0.000457)
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-Likewise

H,,=-7.51x1078, . —_—

12

» - -9
H1_3 - -7.73% }0 ,

. ) R -9.

¢11

G\ -8y, —3 7 R
ety

0.183 ~ ~0.0000204Cg _

- =-0.0000204 C > > | .
(0.183)“+(0.000457) 10.183

S

- Also

.GIZ

= 0.0000288 CS’

G13 = 0.00000375 _CS’ '

G

14 = 0-00000102 Cg.

S

. Now apply boundary conditions to get S, T:
s+t =-Y G .
S m m m,n

n

or

.S

S, + T; = 0.0000779 Cg.

-0.0001115 C

S°
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AtX =1L ' st

S1 exp (mle) + _Tl exp (mZL) +

- exp (AL) Z (Gy ,cos B .L+H, .sinB. 1L)=0
. n 2 L]

One can immediately see that _Hl, o is negligible cémpé,.red with Gl_, n

. Therefore we have the values in the table

n BnL cos 'BnL c Gl‘,ﬁco's BnL
1 24.57 - 0.846 £ -0.0000944 Cg
2 56.55 - 1.00 | 0.0000288 Cg

3 1 88.53 . - 0844 0.0000032 Cg

4 120.51° . -0.427 - -0.0000004 Cg

Only the first four terms are used, since the series converges rapidly,

- Now o
L+ JLZ + 4KM
by = 2% >0
L -NLZyarM \
b,. = —ZK — = _3.02.
Therefore
$1e39°39 + Tle_‘”'39°36. + 0.0000782 Cg = 0,
S) %05
Therefore
'1‘1 ~ 0.0000779 Cg-
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Since Sl’ is negligible, we can get Cl for m = 1 from
C1 = T1 exp (mzx) + exp(Ax) ; Glpncos B.nx .
"With x = 6 T is also negligible and one gets C, = -0.0000271 Cg-

A calculation for m = 2 shows a correction of about 0.000003 CS to

the value of Cl’ indicating rapid convergence of the series.
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B. Probe calibration curves
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C. Diffusion Data Summary
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Table V.. Diffusion data. Benzene-air at 35°C.

“Run .- Weight Time  Diffusion . Pressure Probe: Depth
number _ loss - or run  distance (mm _ '
- __{g) (min) _ Hg) - {cm)
IM  0.8851 - 592.0 15.13  746.8 none -
“2M 0.6726 254.0 9.60 746.1 none
"3M . 0.8476 350.0 9.77 745.6 none
4M 1.2490 725.0  12.98 743.6 . none
_5M  1.0307 . 500.0  1l.18 - 745.6 none
HM 1.1228 7106.0 14,17 ..744.4 none
8M - 0.5699 298.0 12.90 748.0 1 2.84
- 9M . 1.3237 . 725.0 12.75 - 747.9 1 2.84
- 10M 1.0196 585.2 13.07 . 748.5 1 2.84
C11M 11.4908 813.8 . 12.72  748.5 none
12M ~  -0.6082 330.0 12,79 . 746.9 none
13M  0.6623 = 345.0 12.53 746.5 3 - 2.84
15M 0.6380 .350.0 12,72 746.8 2 5.36
16M 1.4214 823.0 12.94 746.7 2 2.84
ITM . 0.5668  305.0 12.40 746.6 2 7.88
- 18M 0.8833  306.2 9.43 746.6 2 7.88
_19M 0.4369 240.0 12,70 748.1 1 2.84
20M 0.3279  180.0 12.79 748.9 1 5.36
21M 1.3389 796.5 13.02 749.0 1 5.36
22M 0.5990 336.0 12.75 748.1 1 7.88
24M 0.2808 117.0 9.85 747.0 1 7.88
25M 0.4715  252.0 12.44 746.8 3 2.84
26M 0.2647 . 140.0 12,52 747.0 3 2.84
27M 0.9763 552 12,74 747.3 3 5.36
28M ©0.2720 . 160.0 12.86 748.4 3 5.36
- 29M 0.4001 215.0 12,70 747.8 3 7.88
30M 0.6538 255.0 9.96 749.2 3 7.88
31M 0.2026 .105.0 12.59 - 748.4 3 7.88
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