class and home problems

The object of this column is to enhance our readers’ collection of interesting and novel problems in
chemical engineering. Problems of the type then can be used to motivate the student by presenting a
particular principle in class or in a new light or that can be assigned as a novel home problem are re-
quested as well as those that are more traditional in nature that elucidate difficult concepts. Please sub-
mit them to Professor H. Scot Fogler, ChE Department, University of Michigan, Ann Arbor, MI }8109.

RIPPLE IN A FALLING FILM

DALE L. SCHRUBEN
The University of Akron
Akron, OH 44325

PROBLEM BACKGROUND

The Seta Point Detector is an instrument used for
studying the cold flow properties of jet fuel. The part
of that instrument of interest here is the chamber wall
and the fuel next to it (see Figure 1). Fuel is cooled
as it rises and falls along the vertical cooling walls of
the chamber. In normal instrument usage cold fuel
becomes highly viscous, often due to the formation of
wax particles. Part of the view through a transparent
piece (viewport in Figure 1) into the fuel chamber
lines up in such a way as to provide a wax profile
should it form on the chamber wall. A flowing wax
film formed while this writer was engaged in another
study [1] involving, in part, photography through the
transparent port. The recorded flow situation is
shown in Figure 2. Notice that the film initially
showed a classical parabolic profile, but then de-
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FIGURE 1. Fuel/wax film flowing on the fuel chamber
wall.
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veloped a curious ripple that traveled to the bottom
of the chamber. (A reader not interested in the details
of the modeling process may skip the remainder of
this background statement and simply assume the
problem to be modeled by an unsteady, nonisothermal
film).

Shortly after the formation of the wax film, cooling
ceased, although the cyclic fuel flow continued. While
fuel was at maximum height along the wall some wax
was probably added to the film, although the photo-
graphs suggest this was minimal. Density of film and
fuel were probably close enough so that at maximum
fuel height the film was supported buoyantly by the
fuel, and thus the film had no tendency to flow. How-
ever, at minimum fuel height, unopposed gravitational
body forces did cause the free standing film to flow in
a slump toward the bottom of the chamber. Residual
temperature gradient must have remained across the
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FIGURE 2. Profile of falling wax film, where 3 is film
thickness, Z is vertical distance down the wall, and the
t,, t5, t3 are successive times.

film even though wall temperature change was mini-
mal since its cooling had ceased. The above considera-
tions suggested the film be modeled as a classical film
that flows over time equal to the sum of the free stand-
ing periods [1].

Two paths could lead students to this point in the
development of the problem. They could be given the
full experimental description and asked to construct a
model and analyze it. Alternatively, they could be
given the statement that a classical parabolic film
exists, only nonisothermally and unsteadily with vis-
cosity increasing linearly from the outer edge of the
film due to the temperature gradient, and asked to
show that this model qualitatively describes the film
and the ripple. It should be added that the inner wall
constant temperature is colder than the constant tem-
perature of the outer free film surface. Of course, the
flow profile would not be parabolic with variable vis-
cosity. This and other considerations such as surface
tension are under study, but early indications are that
this simple model is worthwhile given the information
it provides.

ANALYSIS AND SOLUTION

Origin of the ripple in Figure 2 may be explained
from consideration of a packet of the film small enough
to be isothermal. The film packet wants to fall down-
ward due to gravitational body force. Since viscosity
increases as distance from the outer edge of the film,
the packet necessarily falls into a region of higher vis-
cosity. In simplistic terms, it wants to go somewhere
so it bulges out to form the hump of the ripple. It does
this at intermediate z values (lengths down the wall),
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perhaps because at large z values the film becomes
isothermal relative to a differential mass balance,
while at small z values the thermal gradient and high
viscosity retard flow development.

Let that intermediate z region be defined as that
in which the basic flow profile is parabolic, but the
viscosity depends on horizontal position from the
outer edge of the film. The unsteady state mass bal-
ance (with mass profile ) yields
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Eq. (1) reduces to the classical form [1] when K; = 0.
At this point the clue is given that K, is small so that

TRy k() (2)

This is identical to the first order approximation of
the well-documented exponential law, m = n, exp(-K;
(T - T,)), with temperatures T, T, proportional to dis-
tances y, 8.
The integration is now simply performed to yield
96 2 38

T - KS

at ax T (3)

if x = zm,/pg and K, = K,/2. A perturbation expansion
solution in terms of the small parameter K, is assumed

§ =6y + Ky, (4)

where the second order solution satisfies
35] 83] %
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The second clue is now given that they try for 8, a
power series in the known first order solution §, =
Vx/t. From this they find the particular integral

8§, = - 1/2 (x/t) (6)

which completes the perturbation solutions (see Fig-
ure 3).

The Eq. (4) solution has a ripple, but it falls faster
than the experiment—not surprisingly, considering
the simplistic assumptions.

If the similarity transformation v = x/t, § = f(v),
is made on Eq. (3), it becomes

§f ;.2 2 3
Bg (T =W ~Kf5) =0 (7)

Since in general the derivative is not zero, the cubic
expression must be. The negative values of f (reflected
to be positive) approach the experiment closer than
Eq. (4), but they do not have a ripple, except in the
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FIGURE 3. The perturbation solution, 3, (a) in compari-
son to the classical, 5o, (b) and cubic, f, (b) solutions (K,
= 0.5 and t = 1 unless otherwise indicated).

limited sense that the profile is thicker and higher on
the wall relative to the classical profile (see Figure 3).

The perturbation and analysis do interestingly
exercise development of insight, are qualitatively re-
warding, and introduce perturbation ideas with a
minimum of mathematical complexity. Eq. (7) pro-
duces a more realistic shape (without ripple), but a
better model is needed with realistic general shape as
well as details (ripple).
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NOMENCLATURE
t = time
d = film thickness
y = horizontal distance from wall into the film
z = distance down the film
x = dimensionally modified distance
= zm/pg
p = density
g = acceleration of gravity
m = viscosity for film interior
m, = Viscosity atthe outer edge of the film
K, = proportionality of viscosity to distance from
outer edge of the film
K, = K,/2
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book reviews

THE LABORATORY MICROCOMPUTER
by James W. Cooper

John Wiley & Sons, Somerset, NJ 08873,
198}, $29.00

Reviewed by
Richard Heist
University of Rochester

The subtitle of this book is Programmaing in Pas-
cal and MC68000 Assembly Language on the IBM
System 9000. The first two chapters provide the “in-
troduction” to the System 9000. By “introduetion,” I
mean a discussion of the operating system, file handl-
ing and the system editor! Chapters eleven and twelve
are actually part of the introduction as well, since a
partial review of the system library functions and a
brief discussion of the display screen and console box
are presented. Chapters three through ten provide an
introduction to Pascal. The second half of the book
deals with assembly language programming on the
MC68000, the microprocessor used in the System
9000. Nine chapters are devoted to assembly language
programming with one of those nine describing how
to use the assembler on the System 9000. The last
chapter in the book provides several Pascal and as-
sembly language programs for drawing diagonal lines
on the graphics display and one for reading in and
displaying a 16K plot.

In the Preface the author states that “This book
gives the scientist a basic introduction to Pascal,
shows how to program this computer system, and
gives a brief introduction to the assembly language of
the Motorola 68000. . . .” I agree with two of the three
statements. It is a basic introduction to Pascal and it
is certainly a brief introduction to assembly language
programming on the MC68000, but I seriously doubt
that a scientist could effectively “. .. program this
computer system” with the information provided in
this book. Having seen the documentation IBM pro-
vides for the 9000 and having seen firsthand the diffi-
culty several of our better students have had learning
to program the System 9000 over the course of an
entire semester, I have some appreciation for the ef-
fort involved in using the System 9000 in a laboratory
environment.
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