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CLEANING UP IN SAN DIEGO

STANLEY MIDDLEMAN
University of California at San Diego
La Jolla, CA 92093

UNDERGRADUATE STUDENTS HAVE an opportunity
for exposure to research through a number
of methods utilized by many departments. Seniors
often attend their department’s graduate research
seminar, which brings visitors to campus from
other academic and industrial research labora-
tories. Independent study projects, and some
senior courses, require exposure to the research
literature. In most of these cases, one sees re-
search at the end of the process—the reporting
of completed work, usually after it has been tied
up into a neat, coherent, package—as opposed to
viewing the work during its stages of evolution
and aggravation.

In this article I would like to describe how we
came to begin studies in a specific field, and how
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FIGURE 1. Liquid film may be removed from a surface
by wiping, or flushing.
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our successes and failures have led to the evolu-
tion of a set of research programs that now in-
volve a number of graduate students in our
chemical engineering program.

For some years we had carried on a research
program aimed at elucidating some of the fluid
dynamic phenomena associated with the coating
of liquids onto moving surfaces [1, 2]. In such a
field of study one examines the process by which a
liquid film is purposefully and quantitatively
spread onto a solid surface. But what of the in-
verse process: the removal of a film of liquid
from a solid surface?

Consider, as an example, the situation in which
a liquid is spilled upon a surface, and subse-
quently must be removed from that surface. How
is that to be done? Two ‘“generic”’ methods might
come to mind: flushing with a jet of a second
liquid, and wiping the surface with a second, clean,
surface.

Fig. 1 shows in a schematic way the processes
of interest. It is immediately apparent that a
number of questions arise that could form the
basis for several laboratory studies and that lead
to a number of theoretical inquiries as well. For
example
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® How does the wiper angle affect the residual film
thickness?

® Does the liquid rheology play any role?

® Does the speed of wiping matter?

® s a steady jet more effective than a pulsed jet?

While these questions are relevant, they
ignore one important feature associated with the
problem of removing liquids from surfaces: the
role of surface roughness. Fig. 2 suggests, at a
microscopic scale, the fact that liquid spilled upon
a surface may be entrapped within the cavities

FIGURE 2. A real surface is rough, and can trap con-
taminant in its surface cavities.

that make up the architecture, or roughness,
characteristic of real surfaces. Now one may raise
additional questions

® Can an external flow field invade a small cavity in
a surface and displace a contaminant from that
cavity?

® [f displacement does not occur, can circulation be
induced within the cavity, and to what extent will
that aid removal of the contaminant by diffusive
processes?

® [s it possible to characterize surface roughness in a
quantitative manner, in a way that provides a
measure of how difficult a surface is to clean?

With a little more thought it should occur to
one that if the interest is in the cleaning of rough
surfaces, there may be interest in cleaning down
to such a level that practically all of the original
contaminating liquid film has been removed, and
all that remains is the very small amount of liquid
remaining in the cavities. Now two additional
questions arise

® How does one measure residual liquid at such a low
level?

® How does one reproduceably create an initial liquid
film of very small thickness on a surface of
interest?

At some point in the evolution of a research
program one must stop asking questions and begin
answering them. Of course, the reality is that in a
good research program the attempt to provide
answers to preliminary questions serve primarily
to raise additional questions, and at the same time
provides new directions to the research program.
This, indeed, is what has happened in our own
studies in this field. Let us turn, then, to a de-
scription of the current status of our research
program.
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The novelty that arises in

our study lies in the fact that the jet

impacts not on a rigid plate, but upon a thin

layer of viscous liquid. How does this

change the physics of the problem?

SPREADING A VERY THIN FILM OF LIQUID

Fig. 3 shows a sketch of the technique we
now use for spreading a thin film of liquid on a
surface of interest to us. A rigid disk is attached
to the axis of a shaft in such a way that the disk
can be rotated at high speed about its axis. A
drop of the contaminating liquid is placed upon the
surface, and the disk is set into rotation. Centri-
fugal forces cause the drop to spread into a thin
film. This so-called rotating disk apparatus is not
novel: the technique is used commercially for the
creation of thin films in a number of areas of
technology.

It would suffice to say that the technique
works, and provides the initial films for our
studies of removal. However, in an academic re-
search environment, and sometimes in an in-
dustrial setting, the method itself may become the
focus of interest. The flow of thin liquid films is
not well understood, although thin film phenomena
occur widely in many areas of chemical engineer-
ing. Indeed, one may create a sub-program of re-
search from this spinning disk system, although
the system evolved only as a means to a different
end—the creation of a sample film for our clean-
ing studies. For example, one may raise the follow-

FIGURE 3. A thin liquid film may be spread on a
surface by spinning.
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FIGURE 4. Schematic of apparatus for study of re-
moval of a liquid film by an air jet.

ing questions

® How do the surface tension and fluid viscosity
interact to control the rate of spreading of the
liquid film?

® What is the role of surface roughness in spreading

kinetics?

It should be emphasized here that questions
such as those raised above have in fact been the
focus of other research programs. There exists a
large literature in the field of wetting kinetics,
and in the study of moving interfaces [3, 4, 5.
Nevertheless, one finds in studying the literature
that many unanswered, and interesting, questions
remain to be pursued.

Instead of continuing with a detailed discus-
sion of this area of our work, let us pass on to
another aspect more directly related to the
business of liquid film removal.

A SIMPLE MODEL OF LIQUID FILM REMOVAL

One must always attempt to understand the
physics of the phenomena under study. A useful
first step toward that goal is the creation of a
very simple mathematical model that incorporates
the major physical events that affect the process
of interest. Although the model may not be in
sufficient quantitative agreement with observa-
tion to serve as a useful description of the pro-
cess, it is often the case that the simple model
serves to fix certain ideas that determine future
directions of the experimental program, and pro-
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vides some guidance toward creation of a more
accurate and satisfying theory.

Fig. 4 shows a schematic of a very simple ap-
paratus for the study of some aspects of the
kinetics of liquid film removal under the action
of a fluid jet. A thin film is spread on a plate of
transparent acrylic, and an air jet is blown on the
surface. The action of the jet causes the liquid
film to be displaced radially, leaving a clean area
under the jet. The liquid is dyed, and an optical
method, suggested in the figure, is easily used to
measure the rate of thinning of the film in the
region directly under the jet. Note that the
simplicity of this experiment is such that the ex-
periment deals with an isolated and very specific
piece of the whole problem of surface cleaning.
The goal at this stage was not to complete the
research program, but to perform some simple ex-
periments that would shed some light on the
physics of the processes of interest to us, and
that would at the same time explore some possible
experimental techniques that might be useful in
other aspects of the program. Research is an
evolutionary process.

How does one produce a simple model of the
process suggested in Fig. 4? The problem of a
turbulent jet impacting upon a rigid surface
normal to the jet axis is a classic problem in
fluid dynamics., One may find solutions for the

100

N

10

ey
(o] 10 20
H/D

FIGURE 5. Data in support of a very simple model of
film removal.
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One must always attempt to understand the physics of the phenomena under study.
A useful first step toward that goal is the creation of a very simple mathematical model that incorporates

the major physical events that affect the process of interest.

velocity and pressure fields in the neighborhood
of the stagnation point, as well as experimental
data relevant to this flow field [6]. The novelty
that arises in our study lies in the fact that the
jet impacts not on a rigid plate, but upon a thin
layer of viscous liquid. How does this change the
physics of the problem? Perhaps very little!

For a first model of the process, we assumed
that the jet flow was unaffected by the presence
of the underlying liquid layer. In addition, we
assumed that the ability of the jet to displace
the liquid film was due primarily to the pressure
exerted by the jet, which created a kind of squeez-
ing flow in the underlying liquid film. These as-
sumptions are certainly suspect, but they are
worth pursuing because:

® They permit the use of existing theory for im-
pinging jets.

® They permit the use of existing theory for squeezing
flows.

In short, by beginning with a simple model one
may quickly learn something about the physics
of the phenomena of interest, with a minimal ex-
penditure of time and energy.

Such a model has been developed by us and
Fig. 5 shows the expectation that follows from
the model. The half-time, the time for the film
to be reduced to half its initial thickness, is pre-
dicted to depend upon parameters that appear in
a dimensionless group N, defined as

N = P uczh02t1/2/IJ'D2 (1)

where

p = Jetdensity

u, = mean jet velocity

D = initial jet diameter

h, = initial liquid film thickness

p = liquid film viscosity

t,;» = half-time

According to this model, one expects N to de-
pend only upon the “stand-off distance” of the jet.
(See Fig. 4.)

The two data points in Fig. 5 really represent
the average N-value of many experiments, in
which liquid viscosity, initial film thickness, and
jet speed, were varied. Considering the simplicity
of the model, the agreement is quite good. Still, a
key question is left unanswered by this particular
demonstration
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FIGURE 6. Idealization of a roughness element by a
rectangular cavity.

® Since an air jet is essentially inviscid, would a
liquid jet behave in the same manner?

Studies along lines implied by this question
are in progress, but will not be described here. In-
stead let us turn to another aspect of the research
program.

A MODEL OF REMOVAL FROM A CAVITY

Fig. 6 shows the transformation of a rough-
ness element in a surface into an idealized two-
dimensional rectangular cavity. If one can learn
something about the ability of an external flow
to aid the removal of a contaminant from such an
idealized cavity, it should be possible to extend
this knowledge to the more realistic but complex
case that corresponds to a real rough surface.
Thus we raise the following questions

® Is it possible to simplify the geometry and the
flow field to the point that it is possible to carry
out a theoretical model of the removal process?

® Is it possible to perform laboratory experiments on
a cavity that is large enough to be instrumented,
and then translate the results so that they apply to
a micron-sized cavity?

Theoretical models have been developed, using
numerical methods, which allow solution of the
equations that describe flow external to the cavity,
and the development of an internal circulation
within the cavity induced by that external flow.
The model allows for diffusion of contaminant
from the cavity. In addition it is possible to add
chemical reaction to the model, and in this way

Continued on page 194.
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INTERSTATE RIVALRY
Continued from page 183.

year, the remaining four courses are taught for
the most part in alternate years and reflect the
research interests of individual faculty members.
Thus UI teaches courses in biochemical engineer-
ing, mass transport and plant design while WSU
concentrates on digital process control, extractive
metallurgy and polymer reactor engineering.

Trial and Error

As with any attempt at innovation, unantici-
pated problems arise. We dealt with these in the
time-honored engineering methodology of trial
and error. As mentioned, our first attempt at
solving the scheduling conflict was to teach on a
compressed schedule to avoid the semester “over-
lap” period. Whereas this had worked for one class
in the spring of 1981, it posed too great a burden
when students were taking more than one course.
The eventual solution was to start the fall se-
mester on Idaho’s schedule (early start) and the
spring semester on WSU’s schedule (February
start). This approach leaves about six weeks be-
tween semesters (including Christmas break), a
time when graduate students can devote efficient
time to their research projects. The ultimate
solution for us is that WSU will switch to an early
start calendar commencing August 1984.

Another problem that had to be dealt with
was the deliverance of students from one institu-
tion to classrooms at the other. We started off by
using university vehicles, then we experimented
with a 2-way microwave video link (see Table I) ;
for the present we have settled on car pooling.
To minimize transportation time, all graduate
classes on the same campus are taught one follow-
ing the other, and we teach three credit courses
twice per week (114 hour lectures). UI offers its
classes Tuesday/Thursday afternoon, and WSU
offers its classes Monday/Wednesday afternoon.
Scheduling these blocks of time is flexible to meet
the needs of the two programs and to interface
with the undergraduate program.

The use of the microwave link is very time
efficient and has a great deal of potential. How-
ever, both students and faculty were resistant to
its use and we have temporarily discontinued
this approach. Both universities are upgrading
their microwave systems and it is likely that we
will try it again once these modifications are in
place. We also learned that intensive analyses
courses such as “Chemical Engineering Analysis
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I” are not well suited to this type of program.
This course requires a great deal of independent
student effort using computer simulation tech-
niques. As a result, most of the instruction is
tutorial in nature and, beginning Fall 1983, both
departments will offer this course independently.
For one professor to keep two computer systems
happy was just too much work. Requiring students
to become familiar with a different operating
system also seemed inappropriate, not to mention
the problems to be faced gaining computer access.

ADDITIONAL COOPERATIVE VENTURES

Not only has this program achieved the ob-
jectives of being able to offer broad based gradu-
ate courses while maintaining acceptable teaching
loads, other cooperative ventures have arisen as
well. An obvious extension is the joint sponsorship
of visiting seminar speakers. Each department
maintains a separate graduate seminar series with
speakers often participating in both series. In
addition, we join forces to sponsor at least one
speaker per semester. We are able to attract (and
compensate) many visitors by this method that
we otherwise could not bring to our campus. The
two departments take turns choosing the speakers
in alternate semesters and visitors spend one day
on each campus. Joint research efforts are an-
other extension; a research program in food pro-
cessing is currently being developed since it is a
subject area of regional interest and combines the
complementary talents of two faculty members.
We have even had one student complete his course-
work at one institution and conduct his research
under the supervision of a faculty member at the
other. Though this relationship between professor
and student is not expected to be a common oc-
currence, it does illustrate the degree of flexibility
and responsiveness that can result from a co-
operative program between universities. O

CLEANING UP
Continued from page 173.

simulate the use of a chemical decontaminant to
neutralize a contaminant, otherwise trapped,
within the cavity. This work has already been
published [7].

Parallel to these theoretical endeavors, an ex-
perimental program is in progress. Fig. 7 suggests
the type of studies underway. A large (one centi-
meter) rectangular cavity is created in a flat plate,
and can be filled with a liquid, containing a dye,
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FIGURE 7. Experiment for study of removal of fluid
from a cavity by an external stream.

that simulates a trapped contaminant. An external
flushing flow is then initiated, which induces circu-
lation within the cavity. A laser light shines down
the cavity axis, and is received at the far end of
the cavity. The intensity of the transmitted light
is related to the amount of dye remaining in the
cavity. In this way it is possible to measure the
rate of removal of the contaminant, as a function
of external flowrate, cavity geometry (aspect
ratio), and viscosity of the trapped liquid.

This dual approach to research, in which
theoretical and experimental studies proceed
simultaneously, but interactively, is character-
istic of our philosophy of research, and is proving
to be quite successful.

Space does not permit a more complete dis-
cussion of our research program in this field.
Suffice it to say that we are pursuing many of the
questions raised in the discussion above, and
that we anticipate that we will continue to carry
on research in this field for some time to come. O
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difference is that now we are accounting for the
charged species rather than any species at the
surface). The indirect mass balance and the in-
direct thermodynamic approaches (the Lippman
equation) provide nice parallels between the two
subjects. Details are given of the modelling of the
electrochemical double layer with the emphasis
on the effect of the variables, especially the po-
tential determining ions, the indifferent electro-
lyte and the valence of the indifferent electrolyte
on the double layer. The case problem is discussed
and the emphasis then shifts to the DLVO theory
which combines the material from Unit 6 with
that of the current unit to yield the energy inter-
action curves. The dynamics of the stability of
dispersions is discussed in the context of the von
Smoluchowski equation for rapid coagulation and
the use of the retardation factor, W, to account for
slow coagulation. Models are also developed for
orthokinetic coagulation. This section concludes
with the design procedures for coagulation basins.
Examples are worked for the case of coagulation
of SBR latex and polystyrene latex. Other
examples illustrated include ion exchange, froth
flotation, electrostatic charging through pumping,
deep bed filtration and corrosion product deposition
in cooling circuits.

In the final unit in this course the stated case
problem is to select a protective colloid (namely
a polymer) that can be used in the suspension
polymerization of PVC. This topic requires that
we understand not only the adsorption of polym-
ers to a surface but the configuration of the
polymers once they are absorbed into the surface.
The calculations introduced focus on the volume
restriction and osmotic repulsion that occur when
two surfaces containing polymers approach each
other. This discussion of steric stabilization
focuses mostly on suspension polymerization ap-
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