given by Coleman, Markovitz, and Noll (3). Oldroyd
(4) obtained essentially the same results for S<#> for the
steady flow case by a different method.

For the particular flow studied by Johns,

=0 v*=uw(r6,t) =0 (16)

hi=h.=1 hy=hy=1sinf hy=hy=r (17)
Then

rsinf dw sinf ode
y = - 5— (r, 8, t); p= - 5(1‘, 6,t) (18)
. I du(r,8,1) ]2 [aw(r,ﬂ, t) ]2( 1 )2
K= rsin \/ ar * a0 r
(19)
As) = J; xdt (20)

Substituting Equations (18), (19), and (20) into Equa-
tion (14), we obtain Johns’ equations for the extra stress
tensor [his equations immediately preceding (15)]. Thus
this flow pattern is curvilinear in the spherical coordinate
system.
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NOTATION

b<i> = orthonormal basis system

e = orthogonal basis system

e<i> = orthonormal basis system
F)(r) = relative deformation gradient

f.g,q = separable functions of velocity gradient

gij = covariant components of the metric tensor

hi =Vgii=1238

N,N, = matrices defined in Equations (11) and (12)

Q(7) = orthogonal matrix

7,8,¢ = spherical coordinates

§<ii>= physical components of S

S = extra stress tensor

s =t — r = time difference

t = time

vi = contravariant components of velocity
xt = orthogonal coordinates

Greek Letters

K function defined in Equation (8)

A(s) = function defined in Equation (9)
#, v = function defined in Equation (7)
& = mateiral coordinates

T = past time

1,61,@2 = viscometric functionals
7(x), o1(x), o3(x) = viscometric functions
w = v? = v® = angular velocity
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Rectification in Continuous Contacting Equipment: On the Use of

Correlations Obtained from Vaporization Experiments

Continuous contacting equipment has frequently been
employed in studies concerned with the mechanism of
mass transfer in rectification. Experimental results have
usually been interpreted on the assumption that the cor-
relations for the vapor and liquid phase resistances to
diffusional mass transfer in rectification are the same as, or
at least similar in form to, those obtained from gas absorp-
tion or liquid vaporization experiments in the same equip-
ment. For example, in much of the work with the popular
wetted-wall column (I to 10), the Chilton-Colburn (15)
or Gilliland-Sherwood (14) correlations have been used as
a basis in calculating the vapor film resistance.

Confining attention to rectification and liquid vaporiza-
tion, a comparison of the two processes reveals several dif-
ferences. Some of these, possible thermal effects (11 to
13) and the generally larger variation of physical proper-
ties in a rectification experiment (7, 8, 10), have been
recognized. One effect which has not been taken into ac-
count by past experimentalists, -however, is that due to
the characteristic variation of the interfacial composition
along the contacting equipment in rectification. In a vapor-
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ization experiment the interfacial composition may also
change (due to a temperature drop resulting from evapora-
tion of the liquid), but this change will normally be small
compared to that encountered in the rectification of a mix-
ture of high relative volatility, for example, one of the
commonly used alcohol-water systems (1 to 3, 6, 7, 8, 16).

In view of this differing behavior at the interface, the
question arises: is it permissible to use correlations ob-
tained from vaporization work in distillation studies, even
if all other differences between the two processes can be
assumed to be negligible, or somehow taken into account?
What kind of discrepancy may one expect between the
mass transfer coefficients for rectification and vaporization
as a result of this composition effect, under experimental
conditions relevant to past work?

In attempting an answer, attention was focused on vapor
phase mass transfer in a wetted-wall column. By using
theoretical solutions of the differential equations describing
the steady state mass transfer process, the Stanton group
for a system in which the interfacial composition is con-
stant was compared to this group for certain systems of
varying interfacial composition. Thus, the rectification of
two binary systems of constant physical properties (vapor
phase Schmidt number = 0.718), with the column oper-
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ating at total reflux, was considered. The relative volatility
of one system was 10.0; that of the other was 2.0. (It may
be noted that a mixture having a relative volatility of 10 is
representative of the above-mentioned alcohol-water sys-
tems, at low concentrations of the more volatile compo-
nent.) The liquid side resistance to mass transfer was as-
sumed to be negligible. The Stanton number was calcu-
lated for column length to diameter ratios of 12 and 30
(other dimensions were also examined, but the conclusions
were essentially unchanged), and Reynolds numbers of
2,000, 5,000 and 10,000, The Stanton number was also
determined for a vaporization experiment with a system
of the same physical properties, and under the same ex-
perimental conditions.

The mathematical technique employed was as follows.
If a solution of the differential equations describing mass
transfer is known for the particular case of a constant com-
position at the interface, then the solution for the case of
a varying interfacial composition may be found using the
principle of superposition (17). For the former case, the
solution may be written in the form:

.'/—yi =F(z)=1—8 2 Ay exp [— Bag] (1)
y* —7, n=0

where ¢ = z/(Nge) (Nsc)d, and A, and B, are constants
tabulated in Table 1. For the case of laminar flow (Ng, =
2,000) they were taken from (18). For turbulent flow, use
was made of values reported by Sleicher and Tribus (19)
for heat transfer in a pipe. (Complete analogy was as-
sumed between the processes of heat and mass transfer.)
Three terms were found to satisfactorily represent the
series in Equation (1) for the laminar flow case. For tur-
bulent flow, the first two terms gave sufficient accuracy.

TasrE 1, CONSTANTS IN THE SERIES OF EQUATION
(1) (ror Ng. = 0,718)

Ngre Ar Az Az B Bo Bs

2,000 0.1028 0.0122 0.0024 14.63 89.22 212.0

5,000 0.119 0.00208 — 84.0 1060.0 —
10,000 0.123  0.00200 — 140.0 1700.0 —_

When the interfacial composition is a function of the
distance, the principle of superposition gives the variation
of the mean vapor mole fraction with distance to be:

¥ ="Yo + [y°(0) —yo] F ()
2 d *
+f —%zz(li Fz—z)dz (2)

where y® (z) denotes that the interfacial composition now
varies with distance along the column; 4*(0) is the value
of the interfacial mole fraction of the more volatile com-
ponent at the point where the vapor enters the column,
and z, is a dummy variable which, for a given value of z,
takes on all values between zero and z. It is measured as
shown in Figure 1.

From Equations (1) and (2) it is possible to calculate
the variation of _37 with z in rectification and hence the
average mass transfer coefficient, which is defined by the
equation:

v
= G J'_ T dy _ (3)
Ha "% y*(z)—y

This definition leads to the familiar relationship (HTU)
= G/ka between the mass transfer coefficient and the
height of a transfer unit.
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Fig. 1. Significance of some of the variables in Equations (2) and (3).

On the other hand, if the interfacial composition is con-
stant, one obtains immediately from Equations (1) and
(3) that:

k=— ; In[l—F(H)] (4)

a

and it can easily be shown that for this particular case the
Stanton group is a function only of the Reynolds and
Schmidt numbers, and the column length to diameter ratio.
Therefore, in the present example, for each flow rate and
column length, the Stanton number for the case of vapori-
zation has a fixed value. It will be seen, however, that if
y*® varies with distance, the Stanton group can be a strong
function of the average composition in the column.

For the rectification case Equations (1) and (2) were
solved by a numerical procedure, using an IBM 1620 com-
puter. Calculation details are given elsewhere (10). The
results are presented in Figure 2, where the ratio of the
Stanton group for rectification, here designated (Ns¢)r,
to that for vaporization, (Ns¢)y, is plotted against the
average of the compositions at the top and bottom of the
column,

From this figure, it is seen that, for the same physical
properties and flow rates, the difference between the Stan-
ton numbers for vaporization and rectification can be very
pronounced, Because of the nature of the equilibrium re-
lationship, the effect of a varying interfacial concentration
is most strongly felt at low concentrations of the more vol-
atile component. At higher concentrations, the equilibrium
relationship flattens out, the interfacial concentration in
distillation varies much less, and therefore (Ns:)a ap-
proaches (Ng;)y in magnitude. This is also true as the
relative volatility of the mixture being rectified decreases.

The difference between (Ns:)p and (Ng;}v also de-
pends on the flow rate. Figure 2 shows that for the laminar
flow case (Ns;)r can be over two and a half times as great
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Fig. 2. Ratio of the Stanton numbers for rectification and vaporization.

as (Ngt)y and, for a Reynolds number of 5,000, approxi-
mately one and a half times as great. At a Reynolds num-
ber of 10,000, the two values differ but little.

An explanation for the significantly larger mass transfer
coefficients (or Stanton numbers) predicted above for the
case of rectification at the relatively low flow rates may
be found elsewhere (I18). Briefly, in a liquid vaporization
experiment (where the interfacial composition is constant)
as the diffusing vapor penetrates the gas stream, the rate
of transfer decreases with distance along the column be-
cause the radial concentration gradients also decrease. In
rectification, however, the interfacial composition varies
with distance in such a way as to continuously reinforce
the radial conceuntration gradients (that is the concentra-
tion of the more volatile component at the vapor-liquid
interface continually increases in the direction of vapor
flow). As a result, the mass transfer coefficients for the two
processes differ in magnitude.

At the higher flow rate, where the mechanism of transfer
is approximately one of diffusion across a thin vapor film
near the interface, the differing behavior of the interfacial
concentrations becomes unimportant, and the two mass
transfer coefficients become roughly equal.

Although the present example has been confined to the
case of mass transfer in a wetted-wall column, the prob-
lems raised should also apply (probably to a lesser extent)
to other types of continuous contacting equipment, such as
packed or disk (16) columns.

SUMMARY

Correlations for the vapor phase Stanton number ob-
tained from vaporization experiments cannot in general be
used in rectification investigations. It has been shown that,
even in the absence of other complicating factors, the
Stanton number for rectification may in certain cases dif-
fer significantly from that for vaporization, for the same
Reynolds and Schmidt numbers and column dimensions.
This difference results from the characteristic variation of
the interfacial composition in rectification.

The present work should have particular bearing on in-
vestigations using the alcohol-water systems and other
binaries of high relative volatility, especially at low flow
rates. In several cases (I, 2, 4, 6 to 8, 16) correlations
have been adopted from vaporization work under condi-
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tions where significant errors could result from such a
procedure.
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NOTATION

a = interfacial area per unit height
c = total concentration

d = diameter of the column

D = diffusion coefficient

G = vapor flow rate (moles/time)
H = height of the column

(HTU) = height of a transfer unit

k = mass transfer coefficient

(M.V.C.) = more volatile component
Nge = Reynolds number, (dUp/u)
Ng, = Schmidt number, (u/pD)
Ns¢ = Stanton number, (k/cU)

U = average velocity (relative to the liquid interface)

y = mean vapor mole fraction

y* = vapor mole fraction at the interface

Yo = vapor mole fraction at the column entrance

z = axial coordinate

3 = dummy variable in Equation (2)

" = viscosity

P = density

Subscripts

0 = value at bottom of column (that is, where vapor
enters the contacting section)

R = the case of rectification

T = value at top of column

\% = designates the case of vaporization

LITERATURE CITED

1. Johnstone, R. F., and R. L. Pigford, Trans. Am. Inst.
Chem. Engrs., 38, 25 (1942).

. Suroveic, A. J., and C. C. Furnas, ibid., 38, 53 (1942).

. Peck, R. E., and E. F. Wagner, ibid., 41, 737 (1945).

. Storrow, J. A., Trans. Inst. Chem. Engrs., 23, 32 (1945).

, J. Soc. Chem. Ind., 66,41 (1947).

. Chari, K. S., and J. A. Storrow, J. Appl. Chem., 1, 45

(1951).

Jackson, M. L., and M. H. Ceaglske, Ind. Eng. Chem.,

42, 1188 (1950).

8. Everitt, C. T., and H. P. Hutchison, Trans. Inst. Chem.
Engrs., 45, T9 (1967).

9. Qureshi, A. K., and W. Smith, J. Inst. Petrol., 44, 137
(1958).

10. Lusis, M. A,, Ph.D. thesis, Univ. Cambridge, England
(1967).

11. Sawistowski, H., and W. Smith, Ind. Eng. Chem., 51,
915 (1959).

12. Danckwerts, P. V., H. Sawistowski, and W. Smith, Inst.
Chem. Engrs., International Symposium on Distillation
(1960).

13. Liang, S. Y., and W. Smith, Chem. Eng. Sci., 17, 11
(1962).

14. Gilliland, E. R., and T, K. Sherwood, Ind. Eng. Chem.,
26, 516 (1934).

15. Chilton, T. H., and A. P. Colburn, ibid., 26, 1183 (1934).

16. Norman, W. S., T. Cakaloz, A. Z. Freco, and D. H.
Sutcliffe, Trans. Inst. Chem. Engrs., 41, 61 (1963).

17. Hall, W. S., and P. H. Price, Am. Soc. Mech. Engrs.,
111, 607 (1961),

18. Norman, W. S., “Absorption, Distillation, and Cooling
Towers”, Longmans, London (1961).

19. Sleicher, C. A., Jr. and Tribus, M., Trans. Am. Soc. Mech.
Engrs., 79, 789 (1957).

N DU LN

Page 153





