7968 Award Lecture

FLOW and TRANSFER at FLUID INTERFACES*

Part Il - Models

L. E. SCRIVEN
University of Minnesota
Minneapolis, Minn.

In the opening part of the lecture I reviewed
the evolution of chemical engineering thought
about mechanisms of transfer between fluid
phases. I attempted to identify various stages
of the development and went so far as to try to
draw some lessons from the historical record
as I perceive it. The lessons I offered seem to me
to contradict the viewpoint from which the loud-
est attacks on fundamental chemical engineering
are launched. Now let us turn again to the goal
of understanding flow and transfer at fluid
interfaces.

WE SET THE STAGE by recalling the con-
trast between boundary conditions on in-
compressible flow at rigid walls and at free
surfaces. At a solid surface all relative velocity
vanishes; it follows that the normal and tangen-
tial parts of the nearby velocity field are given
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where \ is the perpendicular distance from the
solid. . . . At a free interface it is the tangential
part of viscous traction that vanishes; conse-
quently the relative velocity nearby consists of
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where H is the local mean curvature of the inter-
face. . .. The most important point to make here
is that near a -free interface the rate of convec-
tion away from or toward it is directly propor-
tional to the distance from it — just as in the
stagnation flow featured below — and the pro-
portionality factor is the rate of interface dila-
tion by both “surface inflation” and ‘“surface
stretch”. Now it is clear from the expression

*Based on the main part of the 1968 Annual Lecture
to the Chemical Engineering Division, ASEE at the
University of California at Los Angeles June 18, 1968,
sponsored by the 3M Company.
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for total convective and diffusive flux, ve-DVe,
together with the convection diffusion equation,
that flow parallel or antiparallel to the direction
of transfer has the greatest effect on transfer
rate. What implications for interphase transfer
can we draw from this fact?

There must obviously be transfer from ele-
ments of one fluid phase to elements of the second
fluid phase. So regardless of the violence of con-
vective movements executed by fluid elements,
the ultimate mechanism of interphase transfer
(at least as long as the motions remain continu-
ous) must be by molecular diffusion. However,
the molecular diffusion process can be and usu-
ally is strongly affected by convective motions.
This is especially true in the vicinity of fluid
interfaces, an important point that too often
has been overlooked in the literature. The effect
of convection on diffusion, as governed by the
convective diffusion equation, will be one of my
main themes.

That diffusion in some neighborhood of the
interface is the controlling resistance to inter-
phase transfer, is generally presumed and is
indeed so in many laboratory and practical siuta-
tions. We will not discuss exceptions here.

The effect of convection on diffusion is cer-
tainly strong around a turbulently agitated inter-
face. It is logical to ask where in the chaotic
jumble of transitory local flows the effect is
strongest (Figure 1). The question can be
answered by dissecting the jumble into recog-
nizable parts and then examining those parts in
detail. In a paper before the Annual Meeting of
the AIChE in 1964 Raymond W. C. Chan and I
proposed that chaos can be resolved, to a fair
approximation so far as convective diffusion is
concerned, into mixed populations of relatively
simple, practically laminar, small-scale flows
which we call microflow elements (Figure 2).
The lifetimes of these flows are related to time-
scales of the agitating turbulence, especially the
intermittency of larger scale incursions on them;
we will not, however, attempt here to discuss
basic aspects of turbulence and its interactions
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Fig. 1.—Populations of Microflow Elements.

with fluid interfaces. For our purposes the basic
types of surface flows should be classified ac-
cording to rate of surface dilation and thus conv-
vective influence on interphase transfer (Figure
2). We note that well-ordered flows as well as
chaotic ones can be modeled by combinations of
microflow elements (examples in Figure 3).
More noteworthy, we find that we can rational-
ize existing transfer models (Figures 4 and 5
in which, for simplicity, the situation in the
second phase is disregarded) and systematically
point out alternatives to them (Figure 6).
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Fig. 4.—Standard Transfer Models.

The film model (Figure 4) corresponds in
effect to a thin layer in steady plug-like flow
along the interface and bathed beneath by fluid
that is somehow kept completely mixed. All of
the other models correspond to one or another
local flow regime that is intermittently, suddenly
and, in most cases, completely interrupted by
turbulent action and then instantaneously re-
established with the participating fluid replaced
to some extent (in Figures 4 -6 the persistent
regime is indicated on the left, the interruptive
event on the right). It becomes clear that mnot
one of the earlier models corresponds to a flow
regime in which convection influences diffusion
at all: this effect is represented only in the nature
of the intermittent interruptions.

Chan and I argued that in the mixed popula-
tion at a turbulent interface it is the flows dis-
playing strong surface dilation (or contraction,
of course) that most strongly influence diffusion;
we suggested that the convective effect of these
flows swamps all others; and we proposed that
it can be modeled by a single population of
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Fig. 2.—Some Basic Flows—""Microflow Elements.”

Fig. 3.—Some Composite Flows.

steady, irrotational stagnation flows — at least
on the liquid side of gas-liquid interfaces. These
flows are the purest embodiment of the above
formulas for relative velocity near an interface.
More about them shortly.
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Fig. 5.—More Transfer Models

EGARDLESS OF THE MICROFLOW ele-
ments one favors in trying to understand
interphase transfer, the first step is to solve the
differential equation describing transport within
the elements, and this requires that boundary
conditions and, frequently, initial conditions be
chosen. In all of the earlier models — film, pene-
tration, and hybrids — these choices are the sole
means of accounting for convective transport
(regarded as convective mixing in some in-
stances). As indicated in Figure 7, the differen-
tial equation has been that for pure diffusion.
The correct equation is that for convective dif-
fusion, in Figure 7 shown in somewhat simplified
form, with a class of velocity fields characterized
by a parameter a. The appropriate boundary and
initial conditions may depend upon relative mag-
nitudes of a penetration depth for convective dif-
convection parallel

Snbsurface sweep K
(Nobody yet) -~ gamTAoEL
o interface

Mild surface <\ (gf g\ Diffusion with

rejuvenation slight convection
(Nobody yet) = perpendicular to

"Kintner-Lightfoot interface
surface-stretch"

Diffusion with

Strong surface ‘\(" v A Unsteady convective
rejuvenation diffusion
(Chan, Majoch) s

"Stagnation-flow
model"

Fig. 6.—Transfer Models with Real Convection.
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Mathematics of Model Elements
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Fig. 7.—Mathematics of Model Elements.

fusion, not pure diffusion, and a hydrodynamic
depth scale, all usually related to turbulence
properties beyond our present scope. In any case,
the differential equation system is solved for the
instantaneous flux across the interface, which
remains a function of the age of the microflow
element, of the parameter(s) characterizing
flow within it, and of any parameters in the
initial and boundary conditions (for example,
the depth at which concentration is supposed to
remain constant in film-type models: L in Fig-
ure 7).

The second step, in cases of chaotically agi-
tated interfaces, is to calculate the surface-area-
average flux over the population (or populations)
of currently existing microflow elements, each of
which occupies some small patch in the surface
mosaic. As indicated in Figure 8, the procedure
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Fig. 8.—Mathematics of Populations of Elements

is to introduce (for each population) a distribu-
tion of fractional surface area over age of the
microflow elements and over the quantities that
characterize flow and transfer in them. Integra-
tion over age and these quantities completes the
calculation if the gross regime is stationary in
time, the result being a formula for time-and-
surface-area-average flux in terms of the para-
meters that appear in the distribution funection
— for example, the mean lifetime of a microflow
element, or the rate of “renewal” of microflow
elements. Ideally the distribution function would
be chosen for its fidelity to real populations of
microflow elements. Unfortunately little is
known about the latter. On the other hand,
Hanratty (1956) and others since have noticed
that a final formula for average flux is insensi-
tive to some changes in the distribution function
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on which it is based. Writers on interphase
transfer have identified distribution functions
in tables of integral transforms, papers on resi-
dence time distributions, and elsewhere and have
selected functions to work with chiefly for their
mathematical tractability. With one exception
they have been one-variable distribution func-
tions, the variable being surface lifetime, which
stands unambigously for lifetime of an element
provided there is no surface dilation. The con-
venient ¢ = s exp(-st) of Danckwert’s pioneer-
ing 1951 paper is a familiar example (recall that
s is both the fractional rate of replacement of
elements and the reciprocal of the mean life-
time).

The one published exception is the two-
variable distribution function in Harriott’s note-
worthy 1962 paper. The two variables are dic-
tated by the microflow model and are element
lifetime and thickness of the plugflow zone (see
upper diagram in Figure 5). Harriott took the
joint function to be a product of two single-
variable functions, namely the familiar exponen-
tial distribution of lifetimes and the slightly
more general gamma distribution of thicknesses
(cf. Figure 9). Actually Harriott’s microflow
element is more complicated than anything we
have discussed because it is only partially re-
placed in each interruptive event and conse-
quently remembers something of its past. This
non-Markovian feature together with the two-
variable distribution function evidently forced a
monumental Monte Carlo style calculation of
transient approach to the statistically stationary
transfer regime.

Another exception is the two-variable distri-
bution function demanded by steady, irrotational
stagnation flow elements that Chan analyzed and
my current collaborator L. V. Majoch has con-
sidered further. The variables are element age t
and stagnation flow strength a. In the absence
of contraindications the simplest hypothesis is
once again that the joint function is the product
of two independent single-variable functions (cf.
Figure 9).

Populations Distributed Over Two Parameters
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Fig. 9.—Populations Distributed Over Two Parameters.
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If and when a single type of microflow ele-
ment does not dominate the transfer situation —
or does not lead to a desired functional form of
average flux — one can turn to mixed popula-
tions of different types of elements. Danckwerts
noted the possibility in his 1951 paper. The
example in Figure 10 corresponds to two popu-
lations of the sort made especially convenient by
tables of Laplace transforms; the two are dis-
tinguished by different mean element lifetimes
(7'1 = 1/81, To — 1/s2).
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Fig. 10.—Mixed Populations.

At this point I have sketched a crude but
serviceable conception of turbulent fluid inter-
faces, which I believe is more detailed and rea-
listic — and pedagogically attractive — than any
available heretofore, and I have delineated for
the first time the general strategy for modeling
turbulent action by means of populations of
microflow elements. This strategy should work
equally well, incidentally, in treating some turbu-
lent reaction systems, for instance. So far as
flow and transfer are concerned, the strategy suf-
fers from the lack of experimental data on the
population dynamics of local flows at chaotically
agitated fluid interfaces. Just as importantly, it
suffers from the lack of development of mathe-
matical models of microflow elements with “real
convection.” The remainder of the lecture is
devoted to the latter, that is, to some relevant
solutions of the convective diffusion equation.

EDITOR’S NOTE: The remainder of the lecture will be
published in the Spring Issue of CEE.
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LETTERS

Editor:

The Spring 1968 issue of CEE was very interesting. I
am particularly glad to see evidence of a forum for
opinions like those of Lenz (Industry Needs Scientific
Engineers Not Engineering Scientists).

During my several years as teacher and department
chairman, I felt chemical engineering educators in ASEE
were talking only to themselves in a positive feedback
situation leading to a runaway reaction on teaching en-
gineering science. Lenz’s points are very valid from my
experience in industry in research and now in operations,
and from the statements of colleagues and competitors.
The quotes from Fulton and Souders present points that
all teachers should ponder.

Perhaps recitation of a coalescence of some recent
experiences in recruiting will help teachers comprehend
what a number of industrialists are trying to say. Funda-
mentals seem to be taught as an end unto themselves, not
as tools to be used in the true engineering sense, because
most of the teachers’ time, research and study are focused
on fundamental phenomena. Unfortunately the student
lacks the experience to differentiate between the teacher’s
environment and the things that really need to be done in
industry. Consquently, the new graduate is unprepared
to face the situation when he learns that the very import-
ant problems of industry and society are usually inter-
disciplinary. Too frequently he retreats from situations
offering real opportunity for growth and prosperity to
the security of organizations with large sections of people
working in the same discipline. It is truly a shame that

(Continued from page 5)

Letters (Continued on page 44)

29



