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ABSTRACT

WATER TRANSPORT DUE TO CAPILLARY PHENOMENA OVER AN
IMPERMEABLE BARRIER IN UNSATURATED SAND

By

Geoffrey Stephen Salthouse

Capillary rise is an important mechanism in the movement of liquid through
unsaturated porous media. Wastewater treatment systems can utilize this process to
provide aerobic conditions while transporting the effluent to subsequent treatment or final
disposal. Experiments were conducted to investigate the influence of the effective size and
uniformity of sand media on capillary siphoning, defined as the transport of water by
capillarity over an impermeable barrier.

U-shaped siphon tubes were filled with graded sand media of different effective
sizes (0.1, 0.2 and 0.4 mm) and different uniformity coefficients (1.5, 2.5 and 4.5), capped
with porous endcaps and inverted so that one leg could san;rate in water. The capillary
rise distance from the saturation level to the tube invert was varied stepwise to achieve
steady state flow through the siphon at rise distances ranging from 2 to 10 cm. Siphon
outflow was measured before the rise distance was incrementally increased.

Maximum capillary flux of 15.5 cm/hr was delivered by the 0.2 mm effective size
media at a rise distance of 5 cm. Minimum flux of 0.2 cm/hr was delivered by the 0.4 mm
media at 10 cm capillary rise. Media uniformity results indicate that a wide range of
particle sizes may provide less capillary transport capacity under certain conditions.

Further research into the influence of media uniformity on capillary siphoning is needed.
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Chapter 1
INTRODUCTION

Water is among the most basic necessities of virtually all life on our Earth. Its
specific and peculiar characteristics allow human existence to flourish as part of a complex
and remarkable ecosystem. We even dare to speculate whether life could exist on distant
worlds based on possible evidence of water. It lies at the base of our subsistence and our
culture. Wars are fought over it; peace is made across it. It can isolate societies, and can
symbolize baptism and societal introduction. It hangs above us and runs below us. And yet
its simple molecular structure—two hydrogen atoms and one oxygen atom—belies the
impact that decline in quality or quantity can have on our technologically complex, and yet
often aloof, society.

A clean and plentiful supply of water for current and future uses is becoming more
scarce as a naturally-propagated resource. Population stresses across the globe, and even
in previously remote rural communities, have mandated consideration of water treatment
systems and conservation prom. Large, centralized wastewater treatment plants have
been marginally successful in handling increasing purification needs, but can be
economically prohibitive or practically unjustifiable. Smaller scale and localized systems

are receiving greater attention and support in numerous areas, although many of these
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systems are still being regarded critically in the private and public arenas. This is often due
to the perception of unreliability of these “alternative” systems, although improper design,
installation and/or management are more frequent causes of failure than the inherent
technology.

Emulating the mechanisms of the hydrologic cycle and the myriad of physical,
biological and chemical processes which commune to efficiently recycle the Earth’s water
resources is a challenging, yet crucial task. It is imperative that scientists work to
understand and apply the pathways through which water can be reclaimed and reused in
order to meet the needs—let alone satisfy the demands—of an increasingly sophisticated
human population. Biological systems typically are not easily characterized and
reproduced, yet they often provide the most efficacious solutions and reliable schemes.

Working in consort with water to sustain life is the “living mantle” of the planet:
the soil. The interaction of these two vital resources provides us with crops, protects
against flooding, even moves mountains. Much has been done, particularly in the
agricultural realm, to promote and actualize investigation into the static and dynamic
interchange between soil as a porous media, and water as a permeating substance. From
oil reserve extraction to aquifer remediation to crop subirrigation, examples of human
attempts to understand and affect porous media flow mechanisms and characteristics are
numerous and diverse.

The movement of water (and other fluids) through soil takes many courses as part
of the hydrologic cycle. Infiltration and redistribution are two such courses which serve to
transport water according to the governing laws of potential, and the natural quest for the

elusive state of equilibrium. Capillary rise, or the increase in elevation due to a potential
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gradient, is another unsaturated flow mechanism which been the subject of research over
the years.

Some water treatment systems, such as sand filters, take advantage of unsaturated
flow in order to provide an aerobic environment for the propagation of organisms
beneficial to treatment. Coupled with physical and chemical processes, this biological
activity can effectively provide a level of treatment which helps to ensure proper
management of animal, domestic and, to some degree, commercial wastes.

One such wastewater treatment system relies upon capillary siphoning, or transport
over an impermeable barrier in unsaturated media, to provide an aerobic treatment zone
following anaerobic treatment. A version of the upflow filter is now commercially
available and approved for use in a limited area of the United States. In order to optimize
the functionality and economics of this type of system, a need was identified for research
into the hydraulic characteristics of the media specified for the capillary upflow matrix of

the system. This research serves as a partial response to that need.

To that end, the specific objectives of the research described herein are to:
1) Quantify the effect of capillary rise distance (2 cm < z < 10 cm) on the volumetric flow
rate of water over an impermeable barrier in unsaturated sand media; and
2) Study the relationship between the geometric properties (effective size and uniformity)
of the transport media and ‘the rate of capillary siphoning over an impermeable barrier

in unsaturated sand.



Chapter 2

REVIEW OF THEORY AND LITERATURE

Characterization of a Porous Media Flow System

In order to understand and optimize flow through porous media, it is important to
properly describe the fundamental components of the flow system. These components are
1) the media itself and 2) the fluid (or fluids) in motion through it. Complete and accurate
descriptions of these parts allow for better comprehension and application of any given
flow system. Additional components, such as an organic fraction, may also exist and may

affect flow through the system, but these are outside the scope of this discussion.

Media

A complete discussion of fluid transport through a porous media system would be
quite extensive, considering the wide range of related fields from rock bed oil extraction to
crop water requirements to wastewater treatment. While some of the concepts are
common to most or all situations, it would be difficult to cover all aspects of porous media
flow. Therefore this discussion will be conducted within some necessary restrictions:

1) the non-solid space in the media must be interconnected and large

enough to allow entry of fluid particles; and
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2) the media primarily being considered will be of unconsolidated,

granular structure.

Many of the concepts related herein hold true for other types of porous media
systems such as wood, textiles, building and filter materials. This is also true for other
types of porous earth materials such as those where the pore space was formed by
evolution of gases during crystallization, or vugular limestone where soluble constituents

of the rock have been dissolved by water forming channels (Corey, 1986).

SOLID MATRIX

The portion of the media system being considered which does not allow the entry
of any fluid, even under pressure, can be described as the solid fraction. The particles of
this fraction constitute the solid matrix. This matrix can also be in a continuous form, such
as limestone.

A comparative and descriptive measure of the material being examined is the bulk
density, py.. This is the ratio of the mass of dried material to the sample’s total volume. In
soils p can range from about 1.1 gm/cm? in clay soils to 1.6 gm/cm’ for sandy soils
(Hillel, 1982). Bulk density is affected by the structure of soils, or by the degree of
compaction of the media.

The solid matrix can be considered to be either consolidated or unconsolidated. An
example of a consolidated porous media is limestone which maintains an overall structure.
Sand is an example of an unconsolidated media, where the individual particles make up the

solid matrix and exert a stress on neighboring particles if an external force is applied.
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Hillel (1982) defines structure as the “arrangement and organization” of particles,
and describes three general categories: single-grained, massive and aggregated. Most
granular media have a single-grained structure with little tendency to adhere to
neighboring particles. The arrangement of these grains can vary widely, and depends upon
their relative sizes and shapes as well as the way they were deposited.

Tightly packed media in large cohesive blocks are referred to as having massive
structure. An example of this is dried clay. Aggregated structure results from the primary
particles grouping together in “quasi-stable clods”; these clusters acquiring their own
structural characteristics (Hillel, 1982). This category is considered desirable in typical
agricultural applications.

Many texts are available which comprehensively cover media characteristics,
particularly soils (Terzaghi and Peck, 1967, Lambe and Whitman, 1969; Hillel, 1982).
This discussion focuses primarily on sand-like materials of single-grained structure.

A number of different methods have been adopted by various disciplines to
describe the geometrical makeup of a given granular media sample. One method used in
soil science is the statement of relative amounts of sand, silt and clay in the sample. The
commonly used USDA method defines these portions as 2 mm 2 d 2 0.05 mm, 0.05 mm >
d > 0.002 mm, and 4 < 0.002 mm respectively, where d represents the largest dimension
of a particle (Hillel, 1982; Singer and Munns, 1987).

Engineers generally define unconsolidated media particles using two variables:
effective size, D,o, and uniformity coefficient, U. The effective size is defined as the

particle size for which ten percent of the total mass of the air-dried media is finer. The
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uniformity is a measure of how much the particle sizes vary within a media sample. It is
defined as the ratio of the Dg to the D,o, where the Dg, defines the particle size for which

sixty percent of the total mass is finer (Terzaghi and Peck, 1967).

PORE NETWORK

The pore space within any porous media is considered to be either effective or
isolated. Effective pore space is interconnected and forms a continuum, or network, within
the media. This includes dead-end, or blind, pores. On the other hand, some of the non-
solid space within the sample is not interconnected and therefore considered to be isolated
from the effective pore network. These isolated pores do not contribute to fluid transport
through the media.

Pore space can exist within individual grains of a porous media (primary pore
space) as well as between aggregates of the material (secondary pore space). The presence
of aggregates implies some amount of particle cementation, although secondary pore
space can exist without it. The total volume of pore space, relative to mass, of media with
aggregated structure is typically greater than that which is not. (Corey, 1986).

Significant parameters which are used to describe the non-solid space contained
within a sample of porous media are porosity, bubbling pressure, permeability, and
tortuosity. Descriptions in the literature of this pore space range from idealized models of
unconnected bundled tubes (Morel-Seytoux, 1969) to complex network systems (Dullien,

1972).
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One of the primary descriptors of effective pore space is the porosity ¢. Porosity
can be defined as the ratio of the interconnected, non-solid volume to the total volume of
the sample of media being considered. As a ratio, ¢ is dimensionless and is theoretically
bounded by 0 and 1, although practical values in granular porous media range from about
0.3 to 0.6. The volumetric water content &,, defined as the water-filled portion of the total
volume of a media system, can approach ¢ under saturated conditions. An alternate
description of the void space in a media is the void ratio e which is defined as the ratio of
the volume of voids to the volume of solid substance (Terzaghi and Peck, 1967).

Media with structure will have higher porosities than those without. The shape of
the grains can have an effect on porosity, as plate-shaped particles could be oriented in
such a way as to create porosities lower than that of spheres, although the opposite is also
possible. Porosity is usually minimized for media containing grains of widely varying sizes
as the smaller particles can move into the spaces between the larger particles. It is also
possible for organic and mineral cementing materials (and other precipitates) to reduce
porosity. This means that consolidated sandstones generally have lower porosities than

unconsolidated sand. Corey (1986) gives some approximate porosities for various typical

materials:
Consolidated sandstones 0.10-0.30
Uniform spheres packe.d to theoretical minimum porosity 0.26
Unconsolidated sands 0.39-0.40

Soils with structure 0.45-0.55
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The “size” of a pore is a difficult thing to define exactly. Unlike a capillary tube, a
pore typically does not have any discreet diameter or length, but rather has a variety of
interconnections with other pore space through throats or constrictions (Dullien, 1972).

The average pore size of a reference volume in a sample is defined by Corey
(1986) as the ratio of the porosity of the sample to its specific surface. The specific surface
is defined in his text as the ratio of internal solid surface area to the total volume, although
he notes that in some cases it is considered the ratio of this area to the mass of the solid.
Average pore size is analogous to the concept of hydraulic radius in hydraulics in that it
refers to the ratio of the volume of the pore to the surface area bounding it. Pore size is
therefore associated with grain size and distribution in that smaller grains generally mean
smaller pores. Porous media with structure can, however, have larger pores associated
with the secondary pore space (Corey, 1986).

Malik et al. (1984) discussed the shape factor G as a means of describing a pore’s

geometry. These authors proposed that G could be written as

8
G=—+E
S

where fis the water-filled porosity (or effective saturation §,) and E is their formation
factor. This formation factor accounts for the tortuosity, shape and continuity of the flow
pathways in the porous media, and was empirically related to the permeability & of the
media as

E =126 - 166280k*.
The proposed shape factor formula is valid for a capillary tube where f =1 and E=0.

Therefore G is equal to a value of 8 for circular, uniform diameter capillaries.
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Porous media was also compared by the authors to a “group of communicant
tubes” which can be characterized by an equivalent radius 7,. This parameter is defined as
the radius of a capillary tube which would exhibit equivalent behavior. Transmission
constants derived from the results of capillary rise experiments were used to predict the
pore geometrical properties E, G and r, (Malik et al., 1984). These predicted values for 7,
were later found by Kumar and Malik (1990) to be higher and linearly related to the mean
pore radius determined from soil water desorption curves. Lawrence (1977) calculated 7,
from desorption curves assuming cylindrical pores and applying the classic capillary rise

equation in the form

where pgh is the applied suction, y is the surface tension of the fluid and a is the solid-
liquid contact angle.

The breakdown of the pore space within an element into various ranges of pore
size is defined as the pore-size distribution. This is somewhat related to the grain-size
distribution in that generally a greater variation in grain sizes means a greater range of
pore sizes. An exception can be found in the case of a sample which has been mixed to the
point that the pore-size distribution is fairly uniform even with a wide grain-size
distribution.

Brooks and Corey (1964) state that the pore-size distribution index A evaluates the
distribution of sizes of the flow channels within a particular porous media. They present

experimental evidence that (for isotropic media) this parameter, along with the bubbling
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pressure p;, can be used to describe the functional relationships among saturation,
capillary pressure and the air and water permeabilities.
The pore-size distribution index is defined by the authors as the slope of the log-
log graph of effective saturation S, as a function of capillary pressure head (p./og). The

empirically derived equation is

where p, is the capillary pressure at which desaturation of the media begins. A was found
to range from a value of less than 2 in media with well-developed structure (less uniform)
to values of S for some sands (more uniform). There is a tendency for finer materials to
have smaller values of pore-size distribution index, although thorough mixing and dense
packing can cause 4 to increase. It was determined experimentally that A varies inversely
with ¢ (Corey, 1986).

Hillel (1982) also states that the pores in coarse-textured soils are usually more
uniform in size. However, Laliberte and Brooks (1967) found that pore-size distribution is
changed only slightly over a wide range of porosities (Med by changes in bulk density)
while the hydraulic conductivity and bubbling pressure of a given media may change
several-fold over the same range.

Brooks and Corey (1964) discuss how, under certain conditions, A and P, can be
used to describe the requirements for similitude between any two flow systems in porous
media. Laliberte and Brooks (1967) later stated that for modeling purposes, one

requirement for similitude between model and prototype is identical values of pore-size
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distribution index. The size reduction of the model is determined by the ratio of the
bubbling pressures in the model and the prototype. Evidently, the bubbling pressure of the
model medium may be adjusted to suit the size of the model by changing the bulk density
and hence the porosity of the medium without appreciably changing the pore-size
distribution index.

Bubbling pressure p,, or air-entry pressure, has been defined by Brooks and Corey
(1964) as the lowest capillary pressure at which a continuous gas phase can exist within
the media. They state that the bubbling pressure is related to the maximum pore-size
forming a continuous network of flow channels within the medium. They also present
experimental evidence that (for isotropic media) this parameter, along with the pore-size
distribution index 4, can be used to describe the functional relationships among saturation,
capillary pressure and the air and water permeabilities.

Stakman (1966) used the air bubbling pressure to determine the equivalent pore
diameter, from which he calculated the mean particle size of the sand separates and
thereby determined the hydraulic conductivity of the sample. He compared these estimates
to the values calculated from the Kozeny-Carman equation and the Brinkman formula.

Air entry into media with coarse texture is often more distinct than finer media due
to the more uniform pore sizes which usually exist in the coarser media (Hillel, 1982).
More rapid desaturation will occur at this critical pressure due to the large fraction of
pores which begin to drain as p; is reached.

The permeability £ is the portion of the hydraulic conductivity K of a media flow

system which is a factor only of the media itself, independent of the fluid properties and
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the flow mechanism. Permeability is measured in darcys where one darcy is equal to a flow
rate of one cubic centimeter per second of a fluid with a viscosity of one centipoise
through a cube having sides one centimeter in length under a pressure difference of one
atmosphere. Permeability, sometimes referred to as specific, or intrinsic permeability, is

related to K as

where p is the fluid density, g is the acceleration due to gravity, and 4 is the dynamic
viscosity of the fluid (Corey, 1977).

Carman (1941) speculated that media permeability could be calculated from
particle size and porosity, while more recently Malik et al. (1984) state that the intrinsic
permeability of porous media is determined by the geometrical properties of the pores,
such as equivalent radius 7, and the shape factor G. This shape factor accounts for
porosity, tortuosity, shape and continuity(of conducting channels in the media.

Suter (1964) declared that the capacity of a soil to store fluid is proportional to its
porosity, but porosity has little effect upon permeability. However, the usefulness of this
storage capacity is dependent upon permeability, which in turn depends upon continuous
passageways through the media. The introduction of finer particles reduces permeability
by increasing tortuosity with minimal changes to porosity (Suter, 1964).

Fluid particles of the wetting phase must travel an increasingly tortuous path as the
media desaturates. This is because the particles can no longer travel across the center of

pore spaces where the non-wetting phase now exists. Corey (1986) determined that (for
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isotropic media) the tortuosity of the wetting p!xase T, is inversely proportional to

Tio = Se2
Tse "

where T, is the tortuosity of the wetting phase at saturation (S, = 1.0). Effective

effective saturation S, as

saturation represents the fluid available above the “irreducible” or residual saturation point
S:. Below this point the moisture is considered to contribute negligibly to flow (Corey,

1986).

Fluid

The other major component of the porous media flow system, in addition to the
media, is the fluid which is being transported through it. The characteristics of the flow
system depend upon both the media properties and the fluid properties. The fluid can be in
a liquid or a gas phase, or in a combination of these. If more than one fluid, or more than
one phase of the same fluid, occupies the pore space concurrently the system is said to be
unsaturated with respect to the specified fluid.

Some primary parameters of the fluid which affect its ability to move through the
media system include the surface tension y and the viscosityu. These parameters are in
turn affected by such variables as temperature and impurities in the fluid.

The molecules on the surface of a liquid experience an unbalanced force due to
their attraction to molecules in the interior of the liquid. This net inward force causes a
tension to be created in the surface which can be measured. The molecules in the interior

are in a lower energy state than those at the surface so molecules attempt to move into the
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liquid’s interior. Surface tension y is a measure of the energy required to increase the
surface of the liquid, and is inversely affected by temperature. For water at 25°C, y=7.20
x 10% J/m®.

For liquid to spread across the surface, or wet, another material a small amount of
energy must be expended. Whether the liquid will wet the surface or retain its spherical
shape depends on how the cohesive forces between like molecules compare to the
adhesive forces between unlike molecules, such as those of a liquid and those of the
surface. The liquid will wet the surface as long as the adhesive forces are sufficiently
strong. Otherwise a liquid drop will be maintained on the surface.

Adding a detergent to water lowers the surface tension of the water. A decrease in
surface tension corresponds to a decrease in the energy required to spread the drop into a
film. Substances which reduce the surface tension of water are known as wetting agents
(Petrucci, 1985).

In the area of contact between the two-fluid surface and the solid surface, the
interfacial forces act along the planes of contact between the three phases. It is difficult to
measure the interfacial force which exists at the solid-liquid interface, although it is
important in unsaturated systems. This force controls the contact angle a of the interface
between the two fluids in contact with the solid. This angle, which is measured through
the denser fluid, determines which is the wetting or the non-wetting fluid (Corey, 1986).
Using glass beads and water, Laroussi and De Backer (1979) measured contact angles
ranging from 41° to 66° for wetting and drainage respectively, supporting results of

previous work by other authors.
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Wettability describes how fast a fluid will spread over a surface, and is inversely
related to surface tension and viscosity (Corey, 1986). Young’s equation states that for
the interfacial forces to be in equilibrium,

Y6 COS& +Yg = Ygs
where the subscripts refer to the liquid-gas (LG), the solid-liquid (SL) and the gas-solid
(GS) interfaces. The first term on the left side of the equation is referred to by Bear (1979)
as the adhesion tension. This determines which fluid will preferentially wet the solid
surface by adhering to it and spreading out over it. For a < 90° the denser fluid is
considered to wet the solid (ie. water and air), while for @ > 90° the denser fluid is said to
be the non-wetting fluid (ie. mercury and air).

Viscosity u is also a function of intermolecular forces of attraction. It is related to
shear force and deformation rate, and can be thought of as a fluid’s resistance to flow.
Temperature increase will generally cause a reduction in u as the strength of molecular
forces of attraction are lowered (Petrucci, 1985). Newtonian fluids—such as air, water
and oil—exhibit direct proportionality between shear stress and the velocity gradient of
the fluid near the shear surface (Potter and Wiggert, 1991).

The flow mechanism which consists of two distinct fluids displacing each other
without mixing is called immiscible displacement. In miscible situations there is no distinct
interface between the fluids, such as fresh and salt water in an estuary, or aquifer intrusion
(Freeze and Cherry, 1979). Immiscible fluids are characterized by this boundary across

which discontinuities in density and pressure exist (Corey, 1986).
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Transport Phenomena in Porous Media

Energy And Potential

Classical physics defines energy in two principal forms: kinetic and potential.
Movement of water through unsaturated media is generally at very low velocities, and
because kinetic energy varies with the square of velocity this form is generally considered
to be negligible. This leaves the potential energy of the water in the media as the
predominant form. The difference in this potential between two zones becomes the driving
force for water movement through the media as it attempts to reach and maintain an
equilibrium condition (Hillel, 1982).

Water in a porous media is different from pure, free-standing water in that it is
influenced by force fields in addition to those due to body forces such as gravity. These

include the attraction of the solid matrix and the effect of dissolved constituents.

TOTAL POTENTIAL

The energy state of water in soil or other porous media can be described relative to
its free energy per unit mass, or potential (Hillel, 1982). It is necessary to discuss the
concept of potential in order to describe flow through porous media as it is the gradient of
this energy field which is the driving force for flow. This is true for both saturated and
unsaturated media conditions, the difference being the individual factors which make up
the total, or hydraulic, potential. This potential is of more importance as a relative measure

of energy level rather than as an absolute quantity. According to the International Soil
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Science Society (Aslyng, 1963 in Hillel, 1982), the formal definition of “total potential” of
soil water is

“...the amount of work that must be done per unit quantity of pure water in

order to transport reversibly and isothermally an infinitesimal quantity of water

from a pool of pure water at a specified elevation at atmospheric pressure to

the soil water (at the point under consideration).”
In actual practice the potential is determined by measuring some other property, such as
pressure or elevation, which has a known relationship to the potential.

The total potential consists of contributions from various factors, such as the
gravitational potential, the matric potential, the osmotic potential and possibly others.
These other factors exist under conditions which vary according to each individual case
being examined, and in many cases are of negligible influence on the total potential
(Klute, 1952).

In this discussion, the total potential & will be considered to be the sum of two
components: the pressure potential (“matric” potential for unsaturated flow), ¢, and the
gravitational potential, ¢,. There may be other potentials, such as osmotic and adsorptive
potentials, depending upon whether or not the pertinent force fields are present and act

upon the water in the porous medium. The total water moving field is given by

-V®=-V(4, +9,).

Freeze (1969) wrote that the existence of continuous saturated-unsaturated flow

domains implies the existence of this potential field, with the potential quantity defined in
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such a way that it is valid both above and below the water table. He referred to the

quantity as the hydraulic potential
® =gz+({p-p)/p

where @ is the hydraulic (or total) potential (cm?/sec?), g is the acceleration due to gravity
(cm/sec?), z is the elevation above the datum (cm), p is the pressure (dynes/cm?), py is the
atmospheric pressure (dynes/cm?), and p is the density of the fluid (g/cm®). If p, is taken to

be zero and we recall that p = pgH, we obtain

® = glz+H).

With the hydraulic or total head @ defined as &g, we note that

9 =2+H

where z is the elevation head and H is the pressure head (substituting the moisture tension

head y for unsaturated conditions).

MATRIC POTENTIAL

The complex air-water interfaces in an unsaturated medium are important in
determining the pressure in the water. The forces acting in the air-water and solid-water
interfaces are responsible for the so-called capillary phenomena and originate in the
cohesive and adhesive forces between molecules. These forces attract and bind water in

the soil and lower its potential energy below that of bulk water (Hillel, 1982).
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The pressure potential in an unsaturated medium is usually called the capillary or
matric potential. In 1907 Buckingham defined the capillary potential by assuming a
conservative field of force, the gradient of which is the capillary potential (Novak, 1972).
Gardner et al. (1922, in Richards, 1931) later noted that this potential was related to the
pressure in the water films, and showed that porous clay apparatus could be used for its
measurement. Richards (1931) describes experiments which show that the pressure in the
liquid films is less than atmospheric and is a function of the quantity of liquid present in the
medium. He stated that “(t)he forces acting in the boundary surfaces of liquids are directly
responsible for all capillary phenomena and have their origin in the cohesive and adhesive

attractions which are exerted between molecules.”

CAPILLARY PRESSURE

As previously stated, when two immiscible fluids are in intimate contact, an
interface is developed across which there is a discontinuity in pressure. There is a tendency
for this interface to assume a configuration which minimizes the area of contact between
the fluids. This is due to the free energy possessed by the molecules of the liquid lying on
the interface (Richards, 1931). This is what causes the curved nature of the interface, as a
sphere has the smallest proportion of molecules at the surface (Petrucci, 1985).

In a vertical capillary standing in water, a curved surface or meniscus is formed,
and capillary rise takes place until the hydrostatic pressure balances the pressure difference
due to curvature. Across the curved interface the pressure difference at any given point is

described by
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-A - - (l.‘.._l_)
P.=Ap=pP, B =Y ror”

where p; and p; are the pressures in the fluids taken as the interface is approached from
their respective sides, y is the surface tension, and 7’ and r*’ are the radii of curvature of
the interface at the point (Carman, 1941). The magnitude of the pressure difference
depends, therefore, on the curvature of the interface which is a function of saturation. This
is known as the Laplace formula for capillary pressure, p. (Bear, 1979). When the two
fluids being considered are air and water, the air is often considered to be at atmospheric
pressure (p; = 0) which defines the capillary pressure as a negative value, leading to the
use of the terms “suction” and “tension” in much of the literature, primarily that of soil
scientists. A related term is pF which is the logarithm to the base 10 of the matric suction
in centimeters of water (Sm 1966).

Pressure head is defined as the pressure divided by the specific weight of the fluid,
which allows the use of units of length, greatly simplifying calculations (Potter and
Wiggert, 1991). The matric suction in a sample can be measured with a tensiometer, and is

often referred to as capillary pressure head A., defined by Bear (1979) as

h.=p./pg=-p,/P9; Pu =0.

Fluid Movement

Fluid flow in porous media can occur in either a steady state or transient flow
condition. Flux, gradient and water content remain constant with time in a steady state
flow system, while they can vary in a transient flow system. Steady flow measurements are

generally less difficult to obtain and more accurate than transient flow (Hillel, 1982).
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CONSERVATION LAWS

The flow of fluid is a mechanical process which must obey the laws of physics. The
Navier-Stokes equation for the motion of a fluid, which relates the viscous, inertial, body

and pressure forces involved in the flow, can be written

where pis the fluid density, v is the linear velocity, F denotes the body forces, ie.
acceleration due to gravity, P is the pressure in the fluid, and u is the viscosity. The
solution of this equation is difficult evén in free space where the boundary conditions may
be known and easily stated. Use of this equation in heterogeneous, unsaturated media is
limited due to the difficulty in describing the boundary conditions. Therefore, an alternate
expression must be used to describe the motion of a fluid in such cases (Klute, 1952).

The flow of a fluid must obey the principle of conservation of mass. This is usually
expressed for free space as: "the net exc&ss of mass flux per unit time into or out of any
infinitesimal volume element in the fluid is equal to the time rate of change of the fluid
density in the volume element multiplied by the free volume of the element". This is stated

mathematically as

®_y.
Z=V.v

where pis the fluid density and V is the mass of fluid flowing through unit cross section in
unit time. This must be modified for porous media where the entire pore volume is not

available for fluid flow. For unsaturated media we may write
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0
E(p,,@) =-V.V

where p, is the bulk density and @is the moisture content on a mass basis. Replacing the

mass flux V (=gp) with the volume flux g (as defined below by Darcy’s law) yields

-gt-(p,,e)=V-(pKVd>)

where pis the fluid density. This is the general equation of unsaturated flow (Klute, 1952).

EQUATIONS OF FLOW
H. Darcy was the first to model the movement of water through porous media in
1856. In studying the flow of water through an early sand filter for the town of Dijon,
France, he came up with the empirical equation

- _ka[ 2P
)

to predict the volumetric flow rate through sand under saturated, isothermal, and steady
state conditions. This relationship indicates that the flow rate Q is proportional to the
change in pressure 4p over the distance L by the product of the hydraulic conductivity X
and the cross-sectional area of the column 4 (Novak, 1972). Darcy’s law is analogous to
Fourier’s law in the flow of heat, to Ohm’s law in the flow of electricity, and to Fick’s law
in diffusion (Klute, 1952).

Darcy's law was also found to hold true for unsaturated flow if the driving force is

changed from a pressure gradient (4p) to a potential gradient (4¢&). Darcy’s law is valid
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for unsaturated media at a given moisture content because in the unsaturated medium
there are pores which are wholly or partly filled with air. Since air inclusions effectively
prevent liquid flow through themselves, they could theoretically be replaced by a solid
phase and the result would be a saturated medium (Richards, 1931; Corey, 1986). It is
assumed that the compressibility of air is negligible in this analogy.

It may be seen then that the presence of air in the pores has the effect of reducing the
volume of medium available for flow of the fluid and does not of itself invalidate Darcy's
law. Due to the fact that the effective cross-section available for flow of the fluid is
reduced in an unsaturated medium as compared to that of a saturated medium, the
conductivity of an unsaturated medium is a function of moisture content, X(6), and will
decrease with decreasing moisture content of the medium (Klute, 1952).

Some limitations do exist for the application of Darcy’s Law in porous media.
Cases in which the flow rate is high enough to cause non-laminar flow, such as some
limestones or cracked rock, preclude the use of the law. Reynolds number R,, based on

average grain diameter of the media, must be less than 10 when defined as

_ pvd
R="y

where p and y are the density and viscosity of the fluid, d is the grain diameter and v, is
specific discharge, defined as volumetric flow rate over area (Freeze and Cherry, 1979).
Darcy's law for flow in the x-direction of an x, y, z coordinate system can be

written as

_ %
q, = m,y,z,w)ax.
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Flow in the other two coordinate directions can be described with similar expressions
(Freeze, 1969). In this case the hydraulic conductivity is expressed as a function of
position and matric suction head.

The equation of continuity for unsteady flow of a compressible fluid, is

] y) dpv)| _ 3
[ 25,202 - S

Substituting the appropriate form of Darcy's law into this equation and expanding the

right-hand term, the continuity equation becomes

%[PK(x,y.z. V%P] +%[p1<(x.y. z.w)%] +%[p1<(x.y. z.wg;:] = pg—f + g’—” :
From this generalized equation of flow it is possible to develop the one-, two-, or three-
dimensional forms of the steady or unsteady flow equations for saturated or unsaturated
flow of a compressible or incompressible fluid through non-homogeneous, porous media.
The terms on the right-hand side of this eﬁuation represent the de-watering of an
elemental cube within the media, both from changes in the moisture content 6, and from
changes in the fluid density p. Any variation in hydraulic conductivity K with position in
saturated flow results from the inhomogeneity of the porous medium, while in unsaturated
flow, K varies with position even in homogeneous soils, due to the functional relationship
between K and moisture content (Freeze, 1969).

The flow equation for water in unsaturated soils was first formulated in 1931 by

Richards who approached the problem of capillary flow measurement using methods
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which were theoretically and experimentally analogous to those used in the study of

conduction of heat and electricity.

Water is usually assumed to be incompressible for unsaturated unsteady flow, that
is pis constant and gp/a = 0. For a homogeneous soil, X(%,y,z, y) becomes K(y) and the

one-dimensional, vertical form reduces to Richards' equation

of o (22)] . 2
5["""’(8:)] A

The y~based form of this equation for one-dimensional, vertical, unsaturated, unsteady

flow becomes (Freeze, 1969)

M e (2201 = crw)2¥
&{K(w( 3 +1)] = Clv),

if we recall that @ = z + y and with the specific moisture capacity C defined as

dé
C(V( = W

The corresponding 6-based equation was derived by Philip (1957) using the concept of

diffusivity D where
k¥
D-Kae.
The derived equation is
Q—i(DQ +a£
ot odz\ odz) oz
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where y and X are single-valued functions of @ (ie. hysteresis is ignored), and z is the
vertical dimension, positive upwards. The corresponding one-dimensional horizontal form
is

0 7 00
E’X(DE)

where x is the horizontal space coordinate (Philip, 1991).

Poiseuille’s Law applies to capillary flow from a tension-free source, and is stated

nr'p

= 8]4[

Q

where Q is the volumetric flow rate, r is the tube radius, p is the pressure difference
driving flow, L is the tube length and u is the fluid viscosity. The flow into capillary tubes
can be modeled using the force pulling the fluid (2nr ycos a) acting on the cross-sectional

area (17%). The equation then becomes

_ ar’ycosa

Q= alz
and can easily be solved for capillaries of various radii (Swartzendruber et al., 1954). This

law also fails when high pressure gradients exist in the system (Richards, 1931).

Saturated Flow
Hydraulic conductivity is defined from Darcy’s law as the proportionality constant

K which contains media and fluid components as

K=k
H
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Traditionally, determination of X involves applying Darcy’s law to results of laboratory
testing. Saturated conductivity is also somewhat affected by temperature as u is inversely
temperature-dependent (Swartzendruber, 1969).

Malik et al. (1984) estimated the hydraulic conductivity from capillary rise
experiments. The primary advantage cited by these authors was the great reduction in time
necessary to obtain conductivity data as compared to standard methods which require
complete saturation of the sample before testing. They referred to their method as the
“Quick Capillary Rise” or QCR method. The validity of this approach was verified a few
years later (Kumar and Malik, 1990) who found that the values obtained using QCR

matched those determined by traditional methods.

Unsaturated Flow

When the effective pore space of a porous medium is no longer completely filled
with a given liquid, the medium is said to be unsaturated with respect to that liquid. The
type of unsaturated system, however, depends upon the nature of the second fluid
occupying the vacated pore space. If the second fluid is another liquid, heterogeneous
saturation results if the two liquids are immiscible. If the second fluid is a gas, or a mixture
of gases such as air, then the resulting three-phase system describes what is commonly
considered unsaturated flow. The process of water flow in such an unsaturated system
could also be described as a two-fluid problem in immiscible displacement, where water

and air are the fluids (Swartzendruber, 1969).
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Unsaturated media exhibits adsorption in addition to capillary phenomena which
causes the formation of hydration “envelopes™ over the surface of the particles.
Particularly under greater suction conditions, thel primary water retention mechanism is
adsorptive rather than capillary. In this case retention capacity depends more on media
texture than structure (Hillel, 1982).

The movement of a fluid along a solid surface depends upon both adhesive and
cohesive forces. The initial wetting of the solid by the liquid depends primarily upon
adhesive forces. If the surface densities of free energy for the air-liquid, air-solid and
liquid-solid interfaces for a given three-phase system are y;, y; and y;, respectively, it may
be shown that

% +72 =% =W =7(l+cosa)
where W is the work necessary to separate a unit area of liquid from solid and a the
contact angle between the liquid and the solid. If # < 2y,, a may vary anywhere between
0 and 180 degrees. If, however, W > 2y, then a is zero and the liquid will spread over the
surface of the solid and is said to wet the solid. Once the solid is wetted adhesive forces
primarily hold the liquid film firmly in contact with the solid surface and are no longer
effective in producing liquid motion. Additional liquid outside the adsorbed films is free to
move as a result of unbalanced forces (Richards, 1931).

In a liquid-saturated poro;xs media system the process of water transport is one of
bulk flow. However, the existence of the gaseous phase in an unsaturated system allows
also for the possibility of water transport in vapor form. It is generally felt that vapor-

phase transport is relatively insignificant compared with the liquid-phase transport, unless
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the soil water content is very low or when temperature variations or salts induce
significant vapor-pressure gradients (Gardner, 1958; Swartzendruber, 1969).

Klute (1952) credits Childs and George with establishing the method of calculating
the functional relationship X(6) between conductivity and moisture content of an
unsaturated system from the moisture characteristic curve. This curve is a plot of the
matric potential versus the moisture content of the transport medium. They related the
conductivity of an unsaturated medium to the geometry of the void space using a pore size
distribution curve as a measure of the latter.

Some of the factors which can affect flow in unsaturated media are entrapped air
which may go into or come out of solution, dispersion of aggregates in the fluid, bacterial
growth and action during the flow period plus the variation due to moisture content
(Klute, 1952). The temperature dependence of surface tension, which plays a role in the
moisture state of unsaturated media, has some effect on the y~8relationship and thereby
also on conductivity (Swartzendruber, 1969).

Wind (1966) used evaporation from a saturated column to determine unsaturated
hydraulic ("capillary") conductivity. The total weight of the column was determined daily
along with changes in the moisture content and tension at various depths from the column
surface. He found that measurement of K(y) determined with the aid of Bouyoucos'
electrical nylon units, are fairly accurate at moisture tensions between 0.1 and 20
atmospheres. Below 0.1 atmospheres they lack accuracy.

He calculated the velocity of flow at different depths from the changes in moisture

content and weight. For every day, at every depth the velocity of flow is known, it equals
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the amount of moisture lost by the soil below. The potential gradient belonging to this
flow was calculated from the moisture tension readings, thereby allowing calculation of

K{(y) with the formula

a=xlv|Z-1)

where q is the velocity of flow in mm/day, and dy/dx is the potential gradient in cm/cm.

It is known that the hydraulic conductivity becomes a function of matric potential
(and thus water content) in unsaturated media. The relationship between y and fis
described functionally in the moisture characteristic (or moisture retention) curve. This
curve is not single-valued, but rather dependent upon the moisture history of the sample,
such as whether fluid is draining from or being added to the media. This multi-valued
functionality is referred to as hysteresis, and affects interfacial tension and wettability
depending upon whether the fluid-fluid interface is advancing or receding.

A higher saturation level can be obtained at a given value of tension for a sample
being drained than for one during imbibition. Air can also be entrapped during imbibition,
which will not permit the complete saturation of pore space. During the draining cycle,
once the local pressure has increased to allow fluid movement through a constriction or
neck, adjoining larger pores will desaturate almost immediately (Bear, 1979). Refilling the
same pores requires less pressure as the pressure is dictated by the size of the pore, not the
neck (Parlange, 1980). This phenomenon is often referred to as the “ink-bottle” effect.

Other authors have attempted to account for the hysteresis phenomenon in their
modeling of unsaturated flow (Miller and Miller, 1955; Philip, 1964). As stated by Philip

(1991), hysteresis does not invalidate the use of the equations of flow as long as the y(6)
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function chosen is appropriate to the flow being studied; a wetting curve is appropriate for

absorption or infiltration, while a drying curve is appropriate for water removal processes.

Upward Flow Through Porous Media

Evaporation

There is general agreement among scientists that the rate of evaporation from a soil is
controlled by either the capacity of atmosphere to evaporate water or by the soil's capacity to
transmit water to the surface. At relatively shallow depths the atmosphere is typically the
limiting factor (Corey, 1986). Up to a limiting rate the steady upward flux from a water table
will meet the potential rate dictated by the atmosphere. This rate is defined by the soil hydraulic
conductivity properties and can be calculated using the Darcy-Buckingham equation for steady
soil water flux. This requires knowledge of K(y) which may not be known and can be difficult
to obtain. Alexander (1982) examined a number of methods of predicting K(y/) for a variety of
soils.

Anat et al. (1965) studied steady upward flow from water tables related to evaporation.
They focused on soil parameters which determine the maximum rate of upward flow as well as
the effect of the moisture history of the soil (rising vs. falling water table). They found that the
flow rate following a drainage cycle can be 100 times greater than following imbibition into a
dry soil. The parameters included in their estimation equation were pore-size distribution index,
depth from surface and bubbling pressure.
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Capillarity

A difference in pressure between two points in a liquid film, such as that found in
unsaturated media, causes the liquid to move in the direction of lower pressure. The term
capillarity was used by Richards (1931) to describe “liquid systems where the pressure
distribution is determined by the surface tension and curvature of a gas-liquid interface.”

Capillary rise can be defined as the movement of a liquid in an upward vertical
direction due to molecular forces of attraction and adsorption. It can be clearly
demonstrated by lowering a small-diameter tube into standing water and observing the
level of the water in the tube. This level will be at some distance above the free water level
of the water supply (for tube diameters smaller than a critical value).

This rise is a result of attraction between the tube and the molecules of water, and
the surface tension characteristics of the water. The upper surface of the water assumes a
curved shape and is referred to as the meniscus. This surface meets the tube surface at an
angle called the contact angle. This angle is dependent upon the material of the wall,
impurities on the wall surface and the surface tension of the liquid. The contact angle can
approach 0° for chemically clean tubes, which allows for the maximum rise height
distance.

In such an unsaturated three-phase system, the curved meniscus obeys the

following equation of capillarity

1 1
Po = P -Ap"Y(E"’E)
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where py is the atmospheric pressure, usually considered to be zero, p. is the pressure of
the water, yis the fluid’s surface tension, and 7, and r; are the principal radii of curvature
of a point on the meniscus (Hillel, 1982).

At equilibrium the vertical forces on the water column in a small-diameter tube

must be equal. This can be described by the equation

hnr? pg = 2mry cosa
where A is the height of capillary rise, pis the density of the water, g is the force of
gravity, yis the surface tension of the fluid and a is the contact angle (Baver, 1956,
Terzaghi and Peck, 1967). The left-hand term describes the downward force due to
gravity acting on the volume of the water column, while the right-hand term indicates the
upward force holding the column in the tube. The surface tension force acts on the tube
wall along the surface of the meniscus formed at the fluid-fluid interface. This surface
meets the tube at an angle equal to the contact angle, so the vertical component of this
force is equal to y)cosa which acts over the perimeter of the meniscus.

The theoretical maximum height of capillary rise for a liquid in a tube can be
determined by solving for 4 in the above equation. The rise tends to occur as the liquid
molecules are attracted to the solid surface and the contact angle a is close to zero. A
column of liquid is then pulled upward by these adsorptive forces. The liquid will continue
to rise into the tube until the downward forces on the liquid column equal the upward
forces, with A increasing as cosa decreases toward a value of zero.

In the case of capillary rise in a porous media such as soil or sand, the tube is

replaced by an interconnected network of voids between the particles. This pore space is
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almost impossible to completely describe in size and direction, although it acts similarly to
a bundle of tubes in its ability to raise a liquid through capillarity. In this case the liquid is
transported in a film which exists above a layer of liquid one or two molecules thick which
is adsorbed to the solid surface of particles. This layer is sometimes called a hydration
envelope (Hillel, 1982). The transport film becomes thicker in areas of contact between
two particles where hydration envelopes intersect.

Carman (1941) declared the height of capillary rise to be an important indication
of a media’s relative capillary potential in comparing any two soils or sands. He showed
that the maximum height of capillary rise could be estimated from the particle size and
porosity of a fine sand, and determined that, although the force driving capillarity is much
greater for a fine sand than for a coarse one, water enters the coarse sand at a faster rate.
He provided theoretical calculations of upward capillary movement of water into initially
dry sands. Wladitchensky (1966) suggested that the height of capillary rise is also dependent
on the hydrophilic character of the pore walls.

Wadsworth and Smith (1926) studied the effect of the cross-sectional area of soil
columns on capillary rise. Square cross-sectional columns used varied from 1 inch to 12 inches,
and the media used was classified as Yolo fine sandy loam which passed through a 2 mm.
mesh. They found that in general large columns show a greater rise after a given time than
small columns. They found that the size of the container was of greatest importance in columns
with a cross-sectional area of less than twenty-five square inches. They also found that a fairly
uniform and consistent moisture content exists at all points in any horizontal plane within the

column.
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Some of the factors which have an effect on capillary rise include the initial moisture
content and the degree of compactness of the media. Capillary rise height increases as initial
moisture content increases (Ijjas, 1966; Wladitchensky, 1966). As the compactness of the
media was increased, the maximum capillary rise height also was increased. Ijjas (1966)
measured the discharge due to capillary action over an impermeable barrier. He found that at
capillary rise heights greater than 6 cm this volumetric discharge was greater for a
compact soil than for a loose soil. He surmised that this was due to the greater role of
media permeability at shorter rise distances.

Early studies speculated that the rate of capillary rise in loam soil increased with
temperature, with looseness of packing, and with original moisture content of soil. It was
also observed that rise was more rapid in columns of sand particles of mixed sizes than for
particles of uniform size. Ijjas (1966) found that the rate of capillary rise into an initially
dry soil was greater for a less compacted soil, but only within the first 100 minutes.

Malik et al. (1989) used saturated hydraulic conductivity and wilting point to
obtain soil constants which gave maximal capillary rise flux as a function of rise height z.
In an earlier study Malik et al. (1984) used the rate of capillary rise in (dry) porous media
columns during the first time segment (¢ < 2 hours) to validate Poiseuille’s law by the
straight line relationship between dz/d¢ and 1/z. This allowed the quick estimation of pore
geometrical properties (formation factor, shape factor and equivalent pore radius) and
capillary constants for a flow system, including hydraulic conductivity.

A zone exists above the saturation or free water level in a soil which has been
referred to as the capillary fringe, or tension-saturated zone. The pores in this zone are

saturated, but the capillary pressure is less than atmospheric. This anomalous situation
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exists due to the existence of the air entry or bubbling pressure in the moisture
characteristic curve. The media will remain saturated until this pressure is reached, at
which point the largest continuous pore will desaturate. This pressure corresponds to a
height above the free water level, so below that height the media will remain saturated.
The capillary fringe height of fine-grained media will extend higher than that of a coarse-
grained media due to the greater negative value of bubbling pressure (Freeze and Cherry,

1979).

Capillary Siphoning

Capillary siphoning, or wicking, can be defined as the movement due to capillarity
of a fluid over an impermeable barrier in unsaturated media. The siphoning phenomenon
was described briefly by Terzaghi and Peck (1967), but without reference to other work in
the area. That text states that capillary siphoning was the cause of losses from twelve miles
of canals in Germany in the range of 450 gal/min at a rise distance of 12 inches. This was
reduced to 100 gal/min when the rise distance was increased to 16 inches.

Studies were done in Hungary on the losses from canals due to seepage over
impermeable barriers, but only some of this work has been translated into English (Ijjas,
1966). It has been possible, however, to glean some information from the data reported in
Ijjas' Hungarian-language paper (Ijjas, 1965).

In his papers Ijjas looked at the seepage over an impermeable barrier in a canal
wall for both a medium (A; D;p=0.13 mm, U=2.3) and a fine (B; D;p=0.08 mm, U=

2.7) sand. He confirmed the generally accepted fact that the height of capillary rise
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increased with initial moisture content 6, and determined that the ultimate rise height was
greater with decreased media porosity ¢. However, during the initial period of wetting
(<100 minutes) the rate of capillary rise was greater in a more porous media.

He also examined the “(e)ffect of the vertical distance (z) between the upper edge
of the sealing and the canal watersurface on the magnitude of capillary losses” (Ijjas,
1965). Ijjas’ work found that system outflow O decreased logarithmically as z was
increased. He measured values of Q ranging from 4.5 L/sec km (27.8 gpd/ft) atz=2 cm
to 1 L/sec km (6.9 gpd/ft) at z = 10 cm. While he did not state specifically, it is believed
that these results were from the medium sand (A) media.

Ijjas further examined the dependence of the capillary outflow upon the vertical
distance H, between the free-water surface elevations upstream and downstream of the
barrier. He found that Q increased by 20% at z =2 cm and 50% at z = 10 cm when H,
was increased from 65 cm to 115 cm. The outflow increased with H,, (at a given value of
z), more dramatically at smaller values of z, with the greatest rate of increase for H, less
than 65 cm. For example, when z = 5.0 cm Q increased from 1 L/sec km (6.9 gpd/ft) at H,,
=10 cm to 2.5 L/sec km (17.4 gpd/ft) at H,,= 50 cm.

He found that for z > 6 cm the outflow was greater from media with less pore
volume (¢ = 37.6%), while at z < 6 cm the outflow was greater for media with more pore
volume (¢ = 43.0%). He attributed this to the effects of media permeability on unsaturated
conductivity.

The effect of the thickness of media (v.) protecting (perpendicular to) the

impermeable barrier on the outflow from the system was also examined by Ijjas. His study
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found that maximum outflow occurred at greater values of v», as z increased. The greatest
amount of seepage was measured when v,, was about 13 cm for z= 5 cm, while at z=0
cm it was recorded when v,, = 9 cm (H,, = 20 cm). Maximum seepage for 0 <z <5 cm
occurred at approximately v, = 15 cm.

Ijjas found that the finer media (B) allowed higher outflow at values of z greater
than about 2.5 cm (at v, = 15 cm and H, = 20 cm). This media also had a higher
uniformity coefficient value indicating a wider distribution of particle sizes. The influence
of media distribution on outflow results was not described, and is part of the current

study.

Application to Wastewater Treatment

The capillary mechanisms researched and discussed in this thesis are being
investigated in order to understand the hydraulic capacity of the aerobic capillary zone of
an upflow wastewater treatment system. This system has been introduced as an option for
secondary treatment in small-scale onsite wastewater systems. This section will provide an
overview of the utility of capillary siphoning in this zone of wastewater treatment.

The treatment of wastewater before final disposal or reuse is concerned with the
reduction of various constituents which can cause environmental and/or health concerns.
Examples of these are nutrients such as nitrogen and phosphorus, harmful micro-
organisms, and organic solids. Each of these can be treated by one or more of the
following pathways: physical or mechanical isolation, chemical conversion, and biological

decomposition or transformation.
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Filtration can provide a physical means of removing solids from wastewater being
treated. Primary treatment, such as that found in a septic tank, can remove the bulk of the
gross solids from wastewater through segregation of settleable and floatable portions.
Therefore secondary treatment should provide a means of removing suspended solids. In
capillary rise mechanisms segregation of particles can occur through physical filtration as
the fluid moves through the media matrix. Larger particles in suspension may also be
separated during the upward vertical film flow as gravitational forces will likely be
stronger than the forces suspending the particles in solution.

Another benefit to the capillary siphoning mechanism in a system is that aerobic
treatment is accomplished without significant loss in elevation. This may be particularly
important in system configurations where the final disposal site can then be reached
without the addition of an external energy input such as a pump.

The nutrients in wastewater promote biological activity—possibly the primary
cause of clogging which reduces the infiltrative ability of soil adsorption fields (Otis,
1985). Nutrient reduction is also imperative to avoid groundwater pollution, for example
the nitrate (NOs) form of nitrogen which can be harmful to children and during pregnancy.
Therefore, the reduction of nutrients, particularly total nitrogen, is a major focus of onsite
wastewater treatment. Nitrogen can exist in wastewater as organic N, as ammonium
(NH,' - N), and in the oxidized forms of nitrate (NO; - N) and nitrite (NO; - N) (USEPA,
1980).

Denitrification can be an efficient method of reducing total nitrogen, but this
process requires oxidized forms of nitrogen such as NO; or NO, which then follow the

denitrification pathway
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