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. CONCENTRATION AND VELOCITY PROFILES
IN A STEFAN DIFFUSION TUBE

Fred J. Heinzelmann, Darshanlal T. Wasan, and Charles R. Wilke

Lawrence Radiation Laboratory and Department of Chemical Engineering
University of California, Berkeley, California

ABSTRACT

The Stefan diffusion tube has been widely used as a means of deter-
mining vapor-phase diffusion coefficients. By this method the diffusion
coefficient has been calculated on the assumption of plug-flow (flat) con-
centration and velocity profiles in the diffusion ﬁube. These assumptions
have been examined theoretically and experimentaliy in this study.

-The theoretical study and the'experimental results indicate that the
concentration profiie is flat across the diffusion tube. - Velocity and
concentration profiles were estimated by approximate analytical solutions
of the diffusion-convection equations. The velocity préfile is found to be
' developing from a flat one near the liquid surface to aAparabolic one at the
other end of the tube. However, it i1s 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 substantially correct.
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CONCENTRATION AND VELOCITY .PROFILES
IN.A STEFAN DIFFUSION TUBE

Fred J. Heinzelmann, Darshanlal T. Wasan, and Charles R.. Wilke
Lawrence Radiation Laboratory and Department of Chemical-Engineering

University of California, Berkeley, California

INTRODUCTION®

The Stefan diffusion fube has been widely used for the determination
of ‘vapor-phase diffusion coefficients. The ligquid to be vaporized. is placed
in the bottom of a vertical tube which is maintained at a .constant temperature.
-A gas is passed over the top of the tube at a rate sufficient enough to keep
the partial pressure of the vapor there at the value essentially corres-
ponding to the initial composition of the gas but low enough to prevent tur-
bulence. ‘The mass flux 1s determined by weighing the tube during the quasi-
" steady state evaporation period. The vapor-phase diffusion coefficienté are
rea@ily calculated from the mass flux and concentration gradient over the
diffusion path with the asgumption of plug flow in the_tube. A critical
review Qf the experimental technique has been presented by Lee and Wilke.ll

The equations for isothermal diffusién are well known, having first

been developed by Maxwelllo and Stefén.lu’l5 For the ith component, these

equations have the form

N.y. - N.y.
D,
G o

This equation, in the case of binary'diffusioh, which is the case of interest

16

in this study,can be transformed intd
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Dpgf Wy
Ny = R Tty W)y, (2)

This equation defines the vapor-phase diffusion coefficient DAB’l'

With component B stagnant, i.e., NB = 0, the equation becomes

. Dyf Wy .
A T RT ax A

(3)

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
. 16

DAB ~constant, gives

Dygf &P

Ny = TR (o) ()

wnerxre 1s e ail usion-I1l -pressure actor. 18 elfine as
here (pp) is the diffusion-film-p factor. It is defined

(P-ps)v- (P-p,)
g

n —

P-p,

Pr =

"Equation (4) is used to calculate diffusion coefficients from data obtained
in the Stefan tube apparatus.

Inherent in the integrafion of Eq. (3) is the assumption that no
radial concentration gradients exist in the Stefan tube. This assumption has
not previously been verified.. The study .presented here involves a theoretical
analysis of the diffusion éystemﬁand an,expgriment designed to determiﬁe

whether or not the flat-profile assumption is valid.
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- Theoretical Analysis

Consider the diffusion system shown in Fig.'l. Liquid A is évaporating
into a stagnant column of gas B. At the liquid-gas interface (x = 0) the gas
phase concentration of A, corresponding to eguilibrium with the liquid,. is

denoted by C

S c.

At the tope of the tube_(X~= L) a stream of gas B flows past slowly.
-The. system is kept at constanﬁ'éeﬁperatﬁre'and pressuré. At steady state
there is a net flux oé component Ajaway'from the evaporating surface and
component B:is stagnént,

‘The basic differentidlcequations of momentum and ﬁass are used as a
starting point_insestablishingIthe-concentration diétribution as a function
of the radial and axial direéfions. In the absehce of an axial pressure
gradiept and. the radial and azimuthal veldcitieS'we may write the x com-
ponent of the steady state momentum equation, inkcylindrical coordinates for
homogeneous fluid a52
uoS; = »v‘% g; ‘ r'%% + v éﬁ% . (5)

_ ‘ ox
The assumption that g% is negligible is demonstrated by calculationsin the

appendix.
The corresponding steady-state diffusion equation for component A

3

with a constant diffusion coefficient and density is

/-, - ¥ o
19 A ° A .
L A G A R (6)

X

Equation (6) results from the application of conservation of mass and Fick's

first law.
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Now consider the boundary values of  the system.

1. The concentration of A at the liguid-gas interface.is constant.
Hence
CA. = Cg , 8 constant at x = O for all r.
2. The concentration of A at the topc of the tube is zero. Hence
CA. = 0 at x =1L for all r.
5. The concentration profile is symmetrical about the x axis. Hence
acA .
S = "0 at r = 0 for all x.
L. There is no transfer from the walléidf the tube into the gas. Heﬁce
§
oC,
&5 = 0. at r = Ty for all x.
5. There is no slip at the wall. -Hence
u =0 .at r = Ty for all x.
6. The velocity profile is symmetrical about the x axis. Hence
g% = 0 at r =0 for all x.
7. At the evaporating surface the diffusion velocity is related to the

concentration gradient of the diffusing species by.

D - ' .
u = - o Sx gt x =0 for all r.
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The above equations assume that the mass average yelocity is equal
to the mole averageivelocity.  This is trﬁéanly when the molecular weight
of A equals that of B. However, for low mass—tfansfer'rates the assumption
introduces little error and is satisfactory. .

Since the form of the hydrodynamic velocity,: u, in thé tube is not
known, several approximations are made and discussed here. First an average
unifbrm hydrodynamic velocity uo over the tube cross section is assumed, and
the solution to the diffusion‘equation'(6) is achieved.

The solution of the diffusion equation (6) that satisfies the
boundary conditions 1, é, 5iand L is |

1 - exp[ub/D)(L-x)]

c. = C : (7)
1 - exp[(uO/D)L ] S

Where u can be determined by boundary condition 7, as

0
C

./ ac i
D . S
uwo=- = 2 = m(l + == )
0 vCB <j X -0 CB

i)

Equation (7) is equivalent to Eg. (4) and both can be used to calculate
either the mass flux or the concentration profile.

Now a new velocity distribution is assumed, of the form
u = u + U.l - | ‘ (8)

where (x,r) represents a perturbation in the previously assumed uniform

jl
hydrodynamic veleccity, Uy -
Substituting Eq. (8) into-(5) and neglecting the second order terms

the equation to be solved is
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| > tI . I eyl EERE )

The diffusion system under consideration is characterized by very
slow motion flow. Since the inertia forces dre proportional to the square

- of the velocity, whereas the viscous forces are proportionsdl to its first

13

*
power, the inertis term may be neglected as suggested by Schlichting,

and Eq. (9) rearranges into

2 ' ' 2
07wy 1 oy 0" wy

52 T ar 32 ] . (10)

1%
X

Since U, is a qonstant,,Eq.'(lQ) can be written as

o, 1w, _ (11)

The boundary conditions are

1. No slip at the wall, or

U o= uy ok Uy = 0 cat r = T for all x.

2. The perturbation, uy must be zero at x = O:

u =0 | at X = O for all T.

5. - Since the system 1s axially symmetric,

— .
Since the axial fnértial’ . term i1s negligible 1t follows that the radial
velocity. which was neglected in formulating Eq. (5) is also neglibible.
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at r = 0 for all x.

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

At x = O the radial velocity is zero. Thus

S = 0 .at x =0 for all r.

Thé equation may -now be solved by thevme@hod‘ofva\Separation of

Variables. Assume that the solution of Egq. (11) is of the form
u=X(x) R(r); (12)

when Eq. (12) is substituted in Eq. (11), there result two differential

equationé,
2 2 :
d .
L - 2 x-o, , (13)
2 v . :
dx '
and
2 : 2 S
d - .
¢R , I & , & R=0, (1)
dr2 r dr v :

where « 1is a constant to be determined by the boundary conditions. The

solution of Eq. (13) is
[2 | ;/_75 -
X = A cos q;__ x + B sin q;_ X . (15)

Equation (14) is one form of Bessel's equation, and has solutions of the

form
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/42 2
R =A' J, ‘\T r| +B' Y, /=t | (16)

‘vwhere A, A", B, and.B' are constants to be detérmined'by the bdundéry

conditions. J, and Y, are zero-order Bessel functions of the first and

second kinds. Applying boundary condition 3 gives B' = 0, and Egs. (15)

and (16) are combined to cbtain the solution for u:

o [ 2 - \/_2— [ 2
- - @ ) @ :
u = A cos — x + B sin = X JO<:/ " ;i> (17)

f

The application of boundary condition 1 fequires a slight modifi-

cation of the definition of Uy Initially Uq had been defined as being
constant over the whole cross-sectional area. However, u

0 must be Zero

at the wall (r = ro). Thus, for Uy one can write

T
Uy = Z El’l JO 5n .I?— s (18)
n

where the En's are chosen so that uo has a constant value for all r

excepf for r = Ty s where u,. = 0. Then, when boundary condition 1 is

0

applied both ul and Uq are zero at r = Ty -

through the orthogonality relationships.
2 .
04
Using boundary condition 1 on Eq. (17) requires l{ = Ty =B,

which is a‘root of JO .~ Hence

The values of En are found

R )

r

= = X ; X
W= ug = (Ahvgos By - Bysin B 7 ) 3, (B
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Applying boundary_condition.h requires.'Bh =TQJ_

- Therefore
u, = - uy +tA cos P T N . (20)
Now, applying boundary condition 2, one has
u =0=-~1u +ZAJ - (21)
1 : © "m0 n'r
x =0 0]
. n .
. Substituting Eq. (18) for Uq ‘and comparing terms shows
E = A
n el
Hehce
u = E cosp > g (B - (22)
- n ry 0 n r,

The values of En are found through_thé orthogonality relationships of
>

the Bessel function as

.En =‘ W—S—r—l) : ' (25)

n
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Solution of the Concentration Distribution

The concentration distribution is calculated by using the velocity
~ distribution given by Eq. (22) in the diffusion equation (). -Assume now

a ‘perturbation, Cl , in the concentration such that

C=Cy+C (2k4)

l J

where C, is given by Eq. (7). Substituting Egs. (8) and (24) into
Eq. (6) and after neglecting the second order terms the equation to be

solved is

2 2 :
5 c, acl ) C, 1 acl o Co
D 5 - Uy : + D 5 + z = ul —
X . d x : or Or dx
(25)

~Equation (25) is to be solved with the boundary conditions

1. C = 0 at x = 0, forall r,

1
2. Cl = 0 at x = L, for all r,
) c, .
3. STt = 0 at r = 0, for all x,
-oC
L. L -0 at r = r,. for all x
or 0 °

Boundary condition 1 results because the perturbation must be 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 éymmetry of the problem and from

the impermeability of the wall to mass flow.
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From boundary conditions 3 and 4 one is led to try a 'solution of

the form
c. ='}: a (x) J N I (26)
1 k' 0 k r ?
0
k
where Kk is a root of Jl'

Substituting Eq. (26) into (25) and using the orthogonality con-

dition of the Bessel function one gets

'Kma"m(x) - LH;a'm(x) ;-'-Mmém(x) = Z ignfn(.x) s _ (en
n
where
2 S
o o |
Fm =_-D S I (Km) 2 (28)
r 2
0 2
Li = % 3 Io () (29)
M= :D' §éi. 72 () (30)
m 2 0 m’ ’
Cly fbé B, exp(-uOL/D)
g, =B 55— I, )I,0,) (31)
82 _ 2 l-exp(—uoL/D)
n m
and

fn(X);='COS B ”exp(uox/D). | (32)

ro
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Since the boundary conditions on Cl are homogeneous, the boundary

conditions on a, are homogeneous. That is

a = 0 cat x. = 0 (33)

a = 0 at x = L. (34)
First, Eq. (27).is solved by assuming it is homégenous, i.e., g, = 0. Then
1t - H _ — .

K2 m(%). = Ipa'y(x) - Ma (x) =0 - (39)

This is a homogeneous equation with constant coefficients, which has a

solution

2y(0) = 8, em(oyx) + T, exp(v,%) (36)

where

b = L+\/L2‘+LLKM. (37)

1 _ ' oK
b - L -V L2+2+KM . (58)

2 . oK |

The constants, bl and b are also functions of m.

2 J
From the form of the driving function the particular solution of
1 .
Eq. @7) is 2
Yon = Gm,n e cosB x + Hm’ne sin'B x , (39)
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u
where A = D )
c B

B = 1; ,

-0
By = - & "él'—z
G = g
n n ¢2 + 72
¢ = KA - K:Bf1 - LA <M,

and

vy o= LBn - EKABn

For convenience the m. subscript has been dropped. - However,. it must be
remembered that this 1s only the solution for a particular value of m.
- The total solution for Cl is then found by -combining: the homogeneous

and the particular solutions. - Then one obtains

r

N
m
c, = Z Jo —5— r S, exp(blx) + T exp(bex)

m

(40)

m ' ' .
+X Jo | - T exp (Ax )< Z Gm’ncos(an)+Hm’n51n(BI1§)

m n
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Where Sm and Tm are determined by applying the boundary conditions

1 and 2 as

and

8, exp(mlL) + Tmexp(mgL) + exp CAL)E: Gm)ncos(BnL) + Hm}nsin(BnL) =0
- n

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 Hm

2 J

Then Cl is calculated from

Bq. (40).
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APPARATUS
The apparatus used in this study is shown schematically in Fig. 2.
The diffusion system-is substantially the same as that used in recent measure-
ments of diffusion coefficients and is described in‘detaillby Getzinger.
However, a probe and electronic recording equipment havevbeen added to measure

the concentration profile.

Diffusion System -

The diffusion unit is shown schematically in Fig. 3. The air enters
the diffusion unif‘through straightening'vanés~tb'eliminate turbulence 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.

The diffusion tube itself was designed to give a diffusion area with
1 in. i.d. The diffusion tube was built with & step design. The bottom was
1-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 l-in.i.d. providing a smooth diffusion
tube.

The probe was not extended to the bottem of the diffusion tube, éo
that liquid was prevented from-rising up ‘between the probe and:the diffusion
tube wall by capillary action (preliminary experiments had shown this to be a
problem).

With the probe in place, the actual diffusion area 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, providing 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
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analytical balance in the lsboratory to determine pthe weight loss by evapora-

tion during a run. )
Measurements were made of the time requiréd to reach thermal_equilibrium

in the system. After only 15 minutes the gas temperature as measufed'by a .

caonventional mercury thermometer was fouhd:to be within’O.lOC of the bath

temperatures.

Air enters the system\at room ‘temperature. from compressed air cylihders
through a three-stage pfessure regulator. -I‘bA is t’hen d.ried with an isopropyl
alcohol-dry ice trap and is then further dried with a 6 -in. column of Drierlte°
, After passage through a flowrator, it is heated by an’ electric heating element

| to about 32 °C. The air is then passed-throughrho feet of copper tubing immersed.
in a constant-temperature: Path, where it is heated to 55.0t0,loc, the tempera-
ture used in the experiments. The diffusion dnit is-also immersed in the con-
stant-temperature bath to insure isothermal operation. .Aftef‘passi;g through
the diffusion unit the air is exhausted thrbugh a 5lowér to the outside.

The constantftemperafure bath ig & lQ-in.—diameter'by 16-in-deep Pyrex
Jar housed in a large wooden box insulated with.Styrofoam. _The bath tempera-
ture is maintained at 35:0i0,100 by an electri¢ heating 2lement regulated by
a mercury thermoregulator connented to a-speéially built controller.  The
temperature was chosen to give a reasonabiy high wapor pressure for the benzene,

the liquid used in the experiment. The bath is agitated by a Variac-controlled

varisble-speed General Electric motor driving a specially built propeller.



-
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‘Probe
) N ‘ v
To medsure the concentration profiles in the diffusion tube semi-
circular probes were used. The principle of the probe operation is thé: same:
as that of a thermal-conductivity cell. The detailed study of the optimum
probe design_ingiVen‘elséwhera8 Because of the radial symmetry of'the
diffusion system these probes-could -be used to measure the radial concentra-

tion gradients. - Three probes were constructed, each of different diameter.

The dimensions are given in Table I. A picture of probe 1 is shown in Fig.

L,
Table I." Probe dimensions
Probe " Nominal diameter " Maximum deviation’ Nominal
. from diameter ' rresistance
(in.) - (in.) (ohms )

1 3/ +1/16 o

2 9/16 + 1/%2 18

5 7/16 <t 1/32 15

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 Wéh Chang Corp. of New York. Thin glass
capillaries were used to support the probe wire and maintain its semicircular
shape.

The probe was placed in the diffusion tube along with'three.l—in.— 
high 1-in. aluminum rings. The‘éertical:position'of the probe was changed.
by moving its position among these rings. All these aluminum rings had a
machined inner.surface:ofld in.'i.d. in order to provide a smooth diffusion

tube.
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EXPERIMENTAL PROCEDURE

Benzene was chosen to be the diffusing substance and air as the
gasedus diffusion medium. These were selected because considerable diffusion
data havg been obtained fdr these components in the Stefan-tube apparatus.
Also these components have considerably different thérmal,conductivities,
thus giving a reasonably good probe sensitivity. The temperature of the sys-
tem was chosen at BSOC_to,give a. reasonable vapor pressure and thus a signifi-
cant mass flux.

The air flow rate over the diffusion tube was chosen to give minimum
end effects due to turbulence at the top of the diffusion tube, but high
enough tbﬂiﬁsuré fhaf stéghatioh did not féké bléceu .Preliminafy‘experimenﬁs
indicated that the air flow rate for this system should be about 120 cc/min,
giving é velocity of L4.65 cm/sec through the straightening vanes in the dif-
fusion system. This is somewﬁat lower than the gas rate used in Stefan-
tube studies by Getzinger{6v A lower gas rate was required because of increased
turbulence;in4the diffusion system‘@ue to the presence of tbe probe leads.
The gas rate fixed the operating pressure at 1.6 to 2.0 in. of water above
atmespheric, 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, 6 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 & Wheatstone bridge and Brush ampli-
fier and recorder to measure the bridge balance.-

When measurements were made of the probes the time used was: as short
as possible, in order to avoid setting up cenvection currents in the system.

Several readings were made of each run, since making good electrical contacts
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proved to be a problem. The probes were calibrated in.calibration ceils with
known gas compositions.

Benzene loss in the Stefan diffusion tube was determined by weighing-
the tube .before and after each run. Weights were determined to the nearest
0.000L g.“While out of the system the tube Was_kept stoppered at allvtﬁnes-
to prevent evaporation of benzene. Liquid depth,in the tube was determined
from the weight of benzene. Most runs lasted more than 3 hours. . A few runs
were only 30 to 40 minutes. Although it has been estimated that equilibrium
is reached in 15 minutes,ll these shorter runs gave badly scattered points

and were discarded.

RESULTS AND DISCUSSION

Theoretical Results

Velocity and concentration profiles were calculated from Eqs.r(?),
(22), and (40). Values of the velocity W were calculated at several values
of x and r. The results are shown in Fig. 5. The vélocity profile starts
out flat'at_ X = O; and slbwly develops into whaﬁ is éssentially a parabolic
.ﬁrofile at x = 13.

Since only the first two eigenvalues were used in these calculations,
thé &alués célculated are not yet.completely converged, especially at r = 0
and.r ; roe At eagh value of x howévef,-the average velocity must be the
same, since at stead& statevthe mass flux is constant throuéhoutj the tube.
This was taken into account in drawiﬁg the velocity pfofiles. .Tﬁe vaiues
D =0.11 cmg/sec,-L = 159m;aﬁdvuo=‘o.o®186 ém/sec are used in the calcula-

tions.
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The values of the profile of the ratio of the concentration perturba-
tion Cl to the surface concentration Cg calculated at several values of
the radial and axial distances are shown in Table II. The values of Cl’in
Table IT are based only on a limited summation of the seriesin Eg. (L40).
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 approximatély 10% of the first. Thus, C, is given by a rapidly conver-

1

gent series.

Table IT. Profile of concentration perturbation, Cl’ given as Cl/cs

r/ry
_x 0 0.2k _0.71 __Q_-_@j__
6 2.7% 107 -2.2¢1070 0.bx1070  1.0x107°
13 0 0 0 0

Since the éoncentfation profile is-eésentially that of CO’ there is
no radial concentration gradient. Thus the flat concentration profile that
was assumed in past.interpretations of Stefan-tube data was correct, although
there is not a flat ve;ocity_profile. |

Now cqnsider a diffusion tube with no radial concentration gradient
but withlsome‘radial velpcity distribution. Component A is diffusing through
staénant component B. In_a thin gylindrical section, which has a constant
velocity u(r), the ﬁass flux is given ﬁy

aC

N, = D aﬁ' +u(r)c, . | (41)
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This is equivalent to Eq. (3). The total mass transfer is found by integrat-

ing over all values of r, or
r r ac. r S
Iy = fo NAETrr'dr=2n/ 0 '-D‘T‘i‘—? 'I"dr+27rf O'cAu(r)rdr. -
- Yo 0 | e T (42)

Since C, is not a function of r, -one gets

A
) Al o 2,
J oC ' '
T A ’ »
™o

Equation (L4) is the same equation one gets by assuming plug concentration

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

Experimental Verification

The concentration profile measured by the probes is shown on Fig. 6
apd summarized on Table IV.; One can see that within the experimental error
there is no radial.concentration gradient.

The concentration gradient in x 1is of interest, since the values
for large x (near the top of the tube) fall on the theoretical line but
the points nearest the bottomvdf the tube indicate_a considerably higher
concentration than expected.

These points were rechecked and consistently gave the same results.
Runs were made in which th¢ probe measurements were made in air saturated

with benzene by shutting off the system air flow. When the air flow was

~
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started again and the system had reached eguilibrium,these high values were
again obtained.

Diffusion coefficients were also calculated from the data. The true
diffusion coefficient,veorrected for end effects, uas_foupd to benQ.097 emg/secu
Whis.value is somewhat lower than-tﬁe>value of 0.103 cm2/sec.obtained from the
measurements by Lee and Wilkell corrected to our conditions. Since some
inaecuracies might be expected in ouf ekperiment becauSe.of interference by
the probes, the former measurements are considered preferable. The detailed
experimental data are available elSewherege

The correction for end effects, Ax, was found to be 2.04 em. This
is quite large, and offers a possible explanation for the unexpectedly high
coneentration values near the bdtfom of'the:diffusign tube. If this whole
end correction is applied to the bottom of the tube, then the predicted con-
centration profile and the data:peinfs'ere és.shown on Fig; 7. 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 predicted
values. However, on the avefege,”thie does give a better fit to the data.

A poeeible eause of tﬁe lérge ehd effect at theAbottomtof the tube
may be found ln fﬁe diffueieﬁ thefmo effect, according to which a temperature
gradient is set up by a concentration gfadient; This effect has been observed
experimentally, aﬁd tempefature.differencésﬁ of several.degrees centigrade
may be set up;9' | | |
llln a binary mixture.with a dlffuéien floﬁ'ef coﬁponent l there exists

a heat flow

I < @ knT grad N', (45)
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where n is the total concentration ‘of molecules 1 and 2, and N' is the mole
fraction of molecule 1. The diffusion thermo-effect coefficient, @', for

ideal mixtures is related to the thermal diffusion constant,- Q, by
a' = -Doa.

Since benzene .is the larger and heavier molecule, one would expect. o fo be
positive. (i.e., benzene would diffuse toward.the cooler end in .thermal d4if-
fusionY. Therefore O' would be negative. Thus, in Eé. (k5), with grad N'
also negative, the heat flux and the higher temperature would be near the
bottom of the fﬁﬁeh Thus, one would have a cooler heavier gas on top of a
warmer‘gas 1ayer; starting éoﬁfectioﬁ.cﬁrrenfsu  Thisxcould céuse turbﬁience‘
at the bottom of the tube and might expléin the data points. Further work

is required to confirm this.

CONCLUSIONS

A theoretical study of the Stefan -diffusion-tube system indicates
that - |

‘(a) thefe is no significant radial concentration gradient in the
diffusion tube,

(b) the velocity profile, although flat at the liquid surface, be-
comes parabolic at large distances.

Experiment stuaies confirm that there is no sigﬁificant concentration
gradient within limitations of the measuring method. From these results it
is concluded that equations developed from plug flow models for the Stefaﬁ

tube could be used to calculate diffusion coefficients from the data.



-2k UCRL-10421 -Rev.

APPENDIX

Estimation of Pressure Gradient in the Diffusion Tube

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. (9)) could be neglected. To check these assumptions 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 wviscous term, as shown on Table III. Thus the assumptions were
valid.

Table ITII. Calculated magnitude of the terms in the convection
o equation at x = 3. -

Term Magnitude of‘term
Jp | -9
¢ .1 x 10
-6
ug_u 6 x 10
X : .
2
x°
The term %§ was evaluated by detefmining the derivative of the

velocity at the wall.

This gave

) 2u R
n )L
k
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The velocity‘gradieht ap tﬁéﬁwall‘is relétéd to‘the'shéar streés'by

du
T = }J.NE

Now if we make a force"balance, we obtain a relationship.betweén
: du '
%% a@d 5

dp = - 2 B E: uo ‘cos Bk f— .
r gC' k 0
L . . . dp

This expression is then evaluated to give ax "

A more Tigorous method of solution that does not:reguire the above
assumptions ﬁduld require a simultaneous solution of a fourth-order equation
in the stream function and the diffusion Eq. (6) as outlined in reference 8.
However, the solution is extremely difficult and probably can be obtained

numerically only on a digital computer.
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Table IV. Results obtained in determination of concentration profile

Probe 1
Run

% Benzene
Probe depth
c/cs

Fraction of
distance

Probe 2

Run

% Benzene v

Probé dgpth

c/c |

]

Fraction.of
distance"

Probe 3

Run

% Benzene

Probe depth

c/c

S

Fraqtion of
distance

Probe 3

Run

% Benzene

Probe depth

c/c

S

Fraction of
distance

19M

5.6

(em) 2.84

0.28

diffusion

Kcm)’_

~diffusion

(em)

diffusion

(em)

diffusion

0.78

9.1

5.36

0.46
0.58

1M

29M
16.1

7.88

0.81

0.38

20M

7.8

. 5.36

0.39

0.59

161

5.8

é.8h

0.29

2oM
16.5
7.88

0.83

0.29

0.78

26n

6.3
2.8L

0.32

0.77

1M

16.9

7.88
0.85
0.38

58

6.5

2.8k

0.33
0.78

17.3
7,88
0.87

0.37

M
6.6
2.84

0.33
0.78
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NOMENCLATURE
rcot of zero-order Bessel function of first kind .- -
molar concentration_
diffusion coefficient
zero-order Be&sel function of the first kind
first-order Bessel function of the first kiﬁd

heat flux

total mass flow

root of the first-order Bessel function of the first kind
mass flux
partial pressure

total pressure'

/

. gas constant

. temperature

shear stress

velocity in the x direction

velocity in the r direction

Vapor pressure corresponding to surface temperature
vapor pressure of the inlet gas

kinemtaic viscosity

absolute viscosity
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Fig. 2. Schematic diagram of the apparatus.
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- Fig. 5. Velocity profiles in a Stefan diffusion tube.
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for end effects.
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