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A mathematical treatment is presented
based on the notion that two concentric
spheres can serve as the model for a fluid
moving relative to a random assemblage of
spherical particles. The outer sphere con-
sists of the boundary of a fluid envelope
with a ‘free surface.’ [The SC/® indicates that
this paper has been cited in over 110 publi-
cations since 1961, making it one of the ten
most-cited papers published in this journal.]

John Happel
Department of Chemical Engineering
and Applied Chemistry
Columbia University
New York, NY 10027

January 14, 1983

“This paper was written just 100
years after Henry Darcy! published his
studies showing that the rate of flow of
water through sand bed filters is pro-
portional to the pressure drop. | was
chairman of the chemical engineering
department at New York University and
was intrigued by the fact that, although
a great many studies had been devoted
to experimental determination of the
Darcy permeability of various types of
porous media to fluid flow, there was
no purely theoretical prediction that re-
quired no experimental data even for
idealized systems like beds of spherical
particles. My brilliant doctoral student,
Howard Brenner, addressed this ques-
tion and found that a rigorous treat-
ment was remarkably complicated. |
decided to explore a variation of the
well-known cell models in which a bed
of particles is assumed to consist of
identical compartments with one parti-
cle occupying each, in the hope that an
idealized simple technique might pro-
vide useful insight. Surprisingly, the
result showed close agreement with ex-
perimental data over a wide range of
bed porosity for regular shaped par-

ticles. When 1 reported this to Howard,
thinking that this would have saved
him time, he facetiously remarked that
it was too bad | hadn’t discovered this
while he was engaged in his thesis
research.

“One reason this paper has been fre-
quently cited is that the term ‘free sur-
face model’ is readily visualized. The
derivation is based on a simple solution
of the Stokes-Navier equations of mo-
tion, postulates a clearly defined and
readily acceptable boundary value
problem, and gives an exact prediction
of the Darcy permeability with no addi-
tional empirical assumptions.

““Another reason is the fact that the
behavior of systems involving the mo-
tion of fluids relative to aggregates of
particles covers a wide range of phe-
nomena of interest to both scientists
and engineers. For chemical engineers,
fluid dynamic models often furnish the
basis for more extended investigations
involving other transport phenomena,
coupled in some cases with chemical
reactions. It is advantageous to start
with a relatively simple model before
introducing the complications posed
by these additional variables. For ex-
ample, Kumar and Sirkar2 have more
recently studied the application of cell
models to mass transfer in a cloud of
size distributed droplets.

“A few years after this publication
appeared, we wrote a book34 that col-
lected research in theoretical studies
involving particulate media at low
Reynolds number fluid flow. We ven-
tured to predict that studies of this type
would become increasingly important
for many phenomena of interest to
technologists. This area of research has
in fact burgeoned in recent years and |
would like to believe that some of this
interest stems from the work of my col-
leagues and students in the 1950s.”
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