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I have got a good deal out of you on electri-
cal subjects, ...& I have also used other helps,
and read Farady’s three volumes of researches.
My object in doing so was of course to learn
what had been done in electrical science,
mathematical & experimental, and to try to
comprehend the same in a rational manner by
the aid of any notions I could screw into my
head. —James Clerk Maxwell to William
Thomson, 13 September 1855.

Common wisdom has it that Darcy [1856]
founded the modern field of fluid flow through
porous media with his celebrated 1856 experi-
ment on the steady flow of water through a
sand column. For considerable time,Darcy’s
empirical observation, in conjunction with
Fourier’s [1807] heat equation, was used to
analyze fluid flow in porous media simply by
mathematical analogy. Hubbert [1940] is cred-
ited with placing Darcy’s work on sound hydro-
dynamic foundations. Among other things, he
defined an energy potential, interpreted perme-
ability in the context of balancing impelling
and resistive forces, and derived an expression
for the refraction of flow lines. In 1856, James
Clerk Maxwell constructed a theory for the flow
of an incompressible fluid in a resistive medium
as a metaphor for comprehending the emerging
field of electromagnetism [Maxwell, 1890].

Maxwell’s theory has all the essential elements
of Hubbert’s hydrodynamic theory for fluid
flow in porous media. It is hoped that Maxwell’s
contributions to the foundations of fluids in
porous media will receive due attention and
that his novel approach will lead to new insights.

In 1855, 24-year-old Maxwell, a year after
receiving his undergraduate degree (Figure 1),
gave himself the task of unifying electrostatics,
electrodynamics, electrical induction, and
magnetism. These fields were in their infancy.
On the one hand, there were intriguing and
intuitive physical observations on electric cur-
rent and induced electricity. On the other, there
were intricate mathematical theories connecting
diverse physical phenomena such as action at
a distance and the flow of heat in continuous
bodies. To Maxwell, the intricacy of the mathe-
matics was overwhelming and devoid of physical
meaning, while theories based on observations
restricted the scope of physical perceptions.
He sought a method of comprehension that
combined the generality of mathematical pat-
tern recognition with the advantages of physical
imagery.

On the mathematical side, there was Fourier’s
diffusion equation, shown by Thomson to be
applicable to the inverse square law of attrac-
tion between bodies separated by a distance,
as well as to the motion of heat in continuous

solids. For the physical part, there was
Michael Faraday’s lines of force in the vicinity
of an electrical conductor or a magnet. Maxwell
chose to combine the mathematics of diffusion
with the intuition of Faraday and explain elec-
tromagnetism through the artifact of analogy.
He relied entirely on the experimental work of
others and made it clear that the analogy was
merely to help quantitatively analyze and make
sense of experimental observations; physical
theories of the actual processes would have to
develop later. About this time,Gauss,Riemann,
Thomson,and others were exploring the possi-
bility of a material substance (for example,
aether) mediating action at a distance. Perhaps
to avoid this controversy, Maxwell took great
pains to emphasize that his imponderable
incompressible fluid was merely an artifact.

In 1852,Faraday had suggested that the region
around a conductor or a magnet could be
imagined as being completely filled with lines
of electric or magnetic force (Figure 2). Maxwell
immediately recognized the applicability of
this mental imagery to lines of heat flow within
a solid. However,Faraday’s imagery dealt only
with force direction,not magnitude.To visualize
force magnitude,Maxwell assigned a width to a
line of force and imagined a fluid flowing at a
steady rate through the resultant flow tube.
Now,since lines of force converge and diverge,
the width of the flow tubes will have variable
cross sections along the flow paths. Clearly, if
the fluid is flowing at a steady rate (constant
volumetric flow) through such a tube, velocity
will vary along the flow line. The variable
velocity, then, could be treated as analogous
to varying intensity of electrical or magnetic
force along a line of force.With the crucial

analogy identified,Maxwell started from first
principles and went about systematically
assembling a theory, in 33 steps, for steady flow
of a fluid.The fictitious, incompressible fluid
with no inertia was driven by pressure and
flowed through a resistive,homogeneous medium.
Fluid motion was assumed to be uniform,
being impelled by decreasing pressure along
the flow path. This motion was postulated to
be resisted by a force that is proportional to
velocity. Under steady conditions of flow, the
velocity distribution will be such that the
impelling forces and resistive forces are bal-
anced at every point within the flow domain.
Maxwell showed that under these conditions,
surfaces of equal pressures have to be perpen-
dicular everywhere to flow lines in the homo-
geneous medium, with the fluid being able to
move with equal facility in all directions.

The flow domain was considered to be
completely filled with a conveniently large
number of such flow tubes. To simplify math-
ematics, Maxwell defined a unit flow tube as a
tube that carries a unit volume of fluid in unit
time. In such a tube, unit resistance is offered
by the cell between two pressure surfaces dif-
fering by unity, and the amount of work done
in moving the fluid through such a cell is unity.
Thus, the total number of unit cells in the flow
domain represents the total amount of work
done in moving the fluid over the domain. He
assumed superposition, carefully defined
sources, and sinks to suit the special needs of
electromagnetism and established the unique-
ness of flow patterns corresponding to particu-
lar combinations of boundary conditions and
sources.

Having discussed the nature of flow in a
homogeneous medium,Maxwell extended the
theory to heterogeneous media and to media
with flow resistance dependent on orientation.
In heterogeneous media, Maxwell showed that
at an interface between materials of contrasting
resistance,a flow line will refract in such a way
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Fig.1.James Clerk Maxwell,24 years old in 1855,about the time he embarked on unifying electro-
statics,electrodynamics,and electrical induction. He was inspired by Faraday’s intuition and by
Fourier’s mathematics of diffusion.(Photograph by W.H.Hales; courtesy of Cavendish Laboratories.)

PAGES 469, 474



Eos,Vol. 84, No. 44, 4 November 2003

that the ratio of resistances will equal the ratio
of tangents of the angles of incidence and
refraction. As for media with directionally-
dependent resistance, Maxwell used earlier
work by Stokes on heat propagation in crys-
tals to derive the partial differential equation
governing steady state fluid flow in anisotropic
media. For the general case of an anisotropic
homogeneous medium,he derived the follow-
ing partial differential equation 

where p is pressure, ξ = P1x
2, η = P2y

2, and ζ =
P3z

2, in which P1,P2,and P3 are the conductivities
in the principal directions x, y, and z.

When Maxwell embarked on his theory,
Fourier’s diffusion equation had been extended
merely by mathematical analogy to electricity,
by Georg Simon Ohm in 1827, and to liquid
diffusion by Adolf Fick in 1855. In mathematics,
Riemann was laying the geometrical founda-
tions of potential theory through the theory of
complex variables and the notions of potential
and stream functions. At this time, Maxwell
not only gave a geometrical meaning to Fourier’s
diffusion equation based on physical intuition,
but also placed the flow of fluids in resistive
media on rigorous dynamical foundations.
Later in the 19th century,civil engineers,notably
Philipp Forschheimer of Austria, used flow
nets to solve problems of seepage in soils in

two dimensions, drawing upon Riemann’s
work. They were probably unaware of Maxwell’s
dynamical approach, which is generally valid
in three dimensions.

A consequence of Maxwell’s dynamical
approach is that one could look at the formu-
lation of the flow problem over the domain as
a whole rather than focusing on what happens
at a point. Thus, Maxwell’s formulation is
directly connected to variational calculus.
Recall that the total number of unit cells in
the flow domain gives the total amount of work
done in moving the fluid over the domain. As
shown by Narasimhan [1999], the particular
flow configuration over a given domain for
which the integral representing this total work
is an extremum constitutes the solution to the
boundary value problem.

A brief comparison of the theories of Maxwell
and Hubbert is in order. Gravity played an
important role in Hubbert’s work on ground-
water. Maxwell neglected gravity because it
was not relevant to elucidate electromagnetism.
Nevertheless, gravity could be easily incorpo-
rated in Maxwell’s theory by superposition.
Hubbert, too,neglected inertia,so as to preserve
kinematic similarity of microscopic processes
with the macroscopic form of Darcy’s Law. At
the heart of Hubbert’s work was the concept
of a fluid potential, defined as energy per unit
mass. Because Maxwell dealt with an incom-
pressible fluid,pressure is effectively a potential.

Among science historians, Maxwell’s 1856
paper occupies a very important place as the

beginning of his great contribution to electro-
magnetism. Despite this historic recognition,it
is surprising that the value of Maxwell’s work to
the study of fluids in porous media has largely
gone unnoticed. Maxwell is considered by
many to belong with Newton and Einstein in
stature. His theory of flow of an imponderable,
incompressible fluid contributes to this exalted
recognition. Inspired by Faraday’s intuition,
he foresaw the importance of electricity and
magnetism, identified the need for a method-
ology that balanced mathematics and experi-
mentation, and systematically went about
establishing one. What Maxwell contrived as
an artifact to explain electricity and magnetism
would potentially provide a rigorous dynamical
theoretical basis for the emerging field of fluid
flow in porous media. Yet, as history would
have it, his work went largely unnoticed.
Something similar to it would not be proposed
in the literature until 1940.
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Fig.2.Faraday’s lines of force around a bar magnet. Where Faraday looked at lines,Maxwell
looked in between the lines and recognized flow tubes. (Figure reproduced from Experimental
Reaches in Electricity, Plate IV,Vol. 3, Figure 2,1855.)

The United States is moving closer to ratify-
ing the United Nations Convention on the Law
of the Sea, with the Bush Administration
bestowing its blessings,and a broad spectrum
of interest groups expressing support during
recent U.S. Senate hearings.They said that the
convention, with some minor clarification,
supports U.S. defense, homeland security, and
resource, scientific, and environmental goals.

John Turner, assistant secretary of the Bureau
of Oceans and International Environmental
and Scientific Affairs at the State Department,
said that becoming a party to the convention

“represents the highest priority of United States
international oceans policy.” He spoke at a 21
October hearing of the Senate Committee on
Foreign Relations.

Turner said ratification of the treaty would
support access for U.S. international marine
scientific research.“As the marine scientific
leaders around the world, we need to be at
the table, we need to influence that [treaty]
process,and be sure that our access,our people,
our equipment—in cooperation with other
countries—is robust now and in the future,”
he said.

With the U.S. not yet having ratified the
treaty, U.S. scientists have received a “substan-

tial”number of refusals for research access in
other nations’ exclusive economic zones,
according to John Norton Moore,director for
oceans law and policy at the school of law of
the University of Virginia in Charlottesville.As
an example, Moore said that Russia has not
honored a single request for such access in
the Arctic Ocean since at least 1998.

Moore testified at a 14 October hearing
before the same Senate committee.

Timing Is Right

Turner said the convention also “promotes
the resource and environmental interests of the
United States as a coastal state, including strong
obligations to conserve and manage living
marine resources, and to protect the marine

U.S.Warms to Law of the Sea Treaty
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