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10.1 Introduction

Theories initially developed to describe transport phenomena through the clas-
sical porous medium “soil” and “ground” (Darcy 1856) are encountered liter-
ally everywhere in everyday life, in nature, and in technical applications. The
reason is that except metals, some plastics and dense rocks, almost all solids
and semisolid materials can be considered as “porous” to varying degrees.
Hence, there exist many types of different technology that depend on or make
use of theories in porous media. The most prominent examples are given in the
field of (1) hydrology, which deals with the water movement in earth and soil
structures (e.g., dams, wells, filter beds, sewage), (2) petroleum engineering,
which deals with exploration and production of oil and gas, and (3) chemi-
cal engineering (e.g., heterogeneous catalysis, chromatography, in particular,
gel chromatography, separation processes using porous polymers, biological,
and inorganic membranes). Also it has been long discovered that granular
material sintering (Chen et al. 2005) is a very large tonnage technology, where
pore structures are significant, and finds application in manufacturing ceramic
products, paper, textile, and so forth.

However, the use of porous media theories in the field of marine microbiol-
ogy is rather new, and was initiated by the discovery of the role of the seabed
in regulation of the chemical composition of water masses in world oceans,
and with it the role of oceans in the global cycles (Pamatmat and Banse 1969;
Smith Jr. and Teal 1973; Sayles 1979; Emerson et al. 1980; Berelson et al.
1982; Glud et al. 1996, 2007; Ivey et al. 2000; Nikora et al. 2002; Oldham
et al. 2004).

It has been found that at the bottom of rivers, lakes, sees, and oceans an
enhanced transport of solutes and particulate matter can be encountered in
a thin layer, which comprises of a tiny portion of the seawater layer from top
and a tiny portion of the porewater layer from below, referred to as the benthic
boundary layer (BBL). The BBL has been found to have a direct impact on
all physical, chemical, biological, and biogeochemical processes occurring in
aquatic systems (Boudreau and Jørgensen 2001).

Most direct denitrification rate measurements for continental shelves have
been made on fine-grained, muddy sediments, which cover only 30% of global
shelf area. The remaining 70% of continental shelf area is covered by sandy
sediments. These sandy sediment environments are generally characterized
by low organic matter and high pore water dissolved oxygen concentrations,
properties typically considered unfavorable for heterotrophic denitrification
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(Emery 1968; Vance-Harris and Ingall 2005). However, it is believed that N2
production in high-permeability coastal sediments may play an important
role in the global nitrogen cycle (Rao et al. 2007). This is another important
evidence for the significant role of porous media theories in understanding
global cycles.

When seabed sediments are permeable, the advective flux predominates
the diffusive one (Huettel and Gust 1992a) drastically. In the context of per-
meable sediments, a variety of interesting phenomena exists in the field of
marine microbiology, which can benefit from the knowledge available in porous
media. Examples include, but are not limited to, topography effects in nutri-
ent transport into deeper sediment layers (Huettel and Gust 1992b), enhanced
bottom transport by gravity waves (Shum 1992a), reactive solute transport
below rippled beds (Shum 1992b), and tide-driven deep pore-water flow in
intertidal sands flats (Røy and Lee 2008).

Also the classification of different sediment types providing a habitat for
marine species depend on how well the physical properties of the sediment have
been described. It has been found that, beside permeability and porosity, the
knowledge over tortuosity plays a significant role, for example, in exchange
processes in the porewater (Iversen and Jørgensen 1993).

Furthermore, a variety of microorganisms inhabit the seabed, which have
the ability of altering or influencing the ongoing interfacial exchange. Prominent
examples of this group are burrowing animals, which construct U-, V-, or L-
shaped tubes into the seabed, and ventilate the overlying seawater and generate
an enhanced mixing. Using peristaltic or oscillatory motions, larvae are able to
transfer oxygen into deeper sediment layers, and perform an ecologically signif-
icant interfacial nutrient exchange (Riisg̊ard and Larsen 2005). Theoretically it
seems obvious that the seawater ventilated by the larvae might also penetrate
laterally into the ambient sediment, and generate, in addition to the currently
accepted diffusive transport, yet another new mode of transport, namely the
advective one. Modeling studies considering flow through a composite region
made of saturated sediment and pure-fluid layers can provide useful hints bring-
ing more light into this complex and important phenomena of bioirrigation.

Also in the water column of world oceans, a great deal of situations arise
where porous media theories can be applied. An interesting example is that
of marine aggregates. It has been found that particle settling has a significant
effect on the biogeochemistry and ecology of the oceans due to the fact that
particles are the key factor for carbon sequestration, and indirectly responsible
for the amount of CO2 that is released into the atmosphere from the seabed
(Chisholm 2000; Azam and Long 2001).

When marine particles coagulate, bigger aggregates are formed that sink
from the ocean surface down to the seabed within several hours or days
depending on their sinking velocity and the ocean depth. The release of nutri-
ents from sinking aggregates into the ambient seawater or vice versa plays
an important role for the marine life. Although some simple models exist
in which aggregates were considered as solid bodies (Kiørboe et al. 2001),
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transmission electron microscopy images (Leppard et al. 2004) clearly reveal
that aggregates are rather porous organisms. Hence, implementing porous
media theories can enhance the current quantitative estimations of the nutri-
ent exchange mediated by the aggregates from one side, and provide an
improved picture of biological consequences. Certainly there exist more bio-
geochemical problems, which are treated by the means of porous media theo-
ries, however, we settle for the examples mentioned to not explode the given
framework.

This manuscript is organized as follows. First, a brief description of the
mathematical model is brought. In the next sections, some recent examples
are given with application in the field of marine microbiology. Finally, some
concluding remarks and examples of future applications of porous media in
marine microbiology and biogeochemistry have been mentioned.

10.2 Description of the Mathematical Model

For the numerical solution of the porous media equations different tech-
niques such as finite difference method, finite element method, and finite vol-
ume method have been suggested. However, lattice Boltzmann model (LBM)
has proved to be a promising technique to be applied in porous domains
(Guo et al. 2002; Jue 2003; Wu et al. 2005). Compared to other numerical
methods, LBM has the advantage of being most suitable for parallel algo-
rithms. Besides, LBM is known to have a simple structure, which makes it
most attractive for program coding. Being based on lattices, LBM has the
ability of tackling complex meshes, dealing with multiphase, multicomponent
fluids or domains (Succi 2001), which frequently occur in the field of marine
biogeochemistry. For the sake of completeness, only a brief description of the
LBM is brought here. The interested reader may refer to Succi (2001) for
further details.

10.2.1 BGK Model

The Boltzmann equation describes a fluid from a microscopic viewpoint as an
ensemble of discrete particles following the distribution f = f(u,x, t), where
f is the probability of finding a particle with velocity (or momentum) in the
range (u, u + du) and position in the range (x, x + dx) at time t. Then the
discretized Boltzmann equation in D2Q9 lattice is expressed as follows:

fi(x+eiδt, t + δt) − fi(x, t) = −Ωi(f(x, t)) (10.1)

where the subscript i is the direction of the velocity. Furthermore, δt is the
time increment and Ωi denotes the collision operator. The discrete velocities
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FIGURE 10.1
The lattice direction system for D2Q9 model.

are given by e0 = 0 and ei = λi(cosθi,sinθi)c, with λi = 1, θi = (i− 1)π/2 for
i = 1 − 4, and λi =

√
2, θi = (i− 5)π/2 + π/4 for i = 5 − 8 (Figure 10.1).

The hydrodynamic variables include mass density (ρ), momentum (j), and
flux tensor (Π), and are computed by the following:

δρ =
∑

i

fi (10.2)

j = ρu =
∑

i

eifi (10.3)

Π =
∑

i

eieifi (10.4)

Its simplest and by now most popular form is the Bhatnagar–Gross–Krook
(BGK) model, which expresses the collision as a relaxation toward a local
equilibrium, Ωi = − 1

τ (fi −feq
i ), where τ is the nondimensional relaxation time

directly related to the kinematic fluid viscosity ν = c2
s

(
τ − 1

2

)
δt and f

(eq)
i

is the equilibrium distribution function (Zou et al. 1995; He and Luo 1997;
Dellar 2003):

f
(eq)
i = ωiρ

[
1 +

ei ·u
c2
s

+
uu : (eiei − c2

sI)
2c4

s

]
(10.5)

in which ωi is a weight factor, cs is the speed of sound (set as c2
s = 1/3), and

I is the unit tensor. The weights are given by ω0 = 4/9, ωi = 1/9 for i = 1−4,
and ωi = 1/36 for i = 5−8.
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The Navier–Stokes equations can be derived from the Chapman–Enskog
procedure (Chopard and Droz 1998), which leads to

∂ρ

∂t
+ ∇· (ρu) = 0 (10.6)

∂(ρu)
∂t

+ ∇· (ρuu) = −∇p + ν∇· [ρ(∇u+u∇)] (10.7)

where p = c2
sρ is the pressure, and the effective viscosity is defined as

ν = 1
3

(
τ − 1

2

)
δt (10.8)

10.2.2 LBM for Incompressible Flows in Porous Media

Flow in porous media is usually modeled by some semiempirical models
because of the complex structure of a porous medium based on the volume
averaging at the scale of representative elementary volume (REV). Several
widely used models have been introduced in the literature, such as the Darcy,
the Brinkman-extended Darcy, and the Forchheimer-extended Darcy models.
A recent achievement in modeling flow in porous media is the so-called gener-
alized model, in which all fluid forces and the solid drag force are considered
in the momentum equation given by:

∇· (u) = 0 (10.9)

∂(u)
∂t

+ ∇·
(

uu
φ

)
= −1

ρ
∇(φp) + νe∇2u+F (10.10)

In the above equation, νe is the effective viscosity and F represents the total
body force given by the following:

F = −φν

K
u− φFφ√

K
|u|u+ φG (10.11)

in which the three terms on the right side represent Darcy, Forchheimer, and
gravity force, respectively. The geometric function Fφ and permeability K can
be expressed as follows:

Fφ =
1.75√
150φ3

(10.12)

K =
φ3d2

p√
150(1 −φ)2

(10.13)

where dp is the solid particle diameter.
In the LBM notation, the momentum equation for the fluid flow in a porous

medium can be expressed as:

fi(x+eiδt, t + δt) − fi(x, t) = −1
τ

[
fi(x,t) − f

(eq)
i (x,t)

]
+ δtFi (10.14)
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in which the equilibrium distribution function has been modified as

f
(eq)
i = ωiρ

[
1 +

e ·u
c2
s

+
uu : (eiei − c2

sI)
2φc4

s

]
(10.15)

and force term as

Fi = ωiρ

(
1 − 1

2τ

)[
ei ·F
c2
s

+
uF : (eiei − c2

sI)
2φc2

s

]
(10.16)

Accordingly, the fluid density and velocity are given by

ρ =
∑

i

fi (10.17)

u =
v

c0 +
√

c2
0 + c1|v| (10.18)

where v is an auxiliary velocity and is defined as

ρv =
∑

i

eifi +
δi

2
φρG (10.19)

The two parameters c0 and c1 are given by

c0 =
1
2

(
1 + φ

δt

2
ν

K

)
, c1 = φ

δt

2
Fφ√
K

(10.20)

By a similar procedure described above, from equation (10.14) one can
obtain the extended Darcy equation for a porous medium containing the
Brinkman and Forchheimer suggestions as

∂ρ

∂t
+ ∇· (ρu) = 0 (10.21)

∂(ρu)
∂t

+ ∇·
(

ρuu
φ

)
= −∇(φp) + ∇· [ρνe(∇u+u∇)] + ρF (10.22)

where p = c2
sρ/φ is the pressure, while the effective viscosity is defined as

νe = c2
s

(
τ − 1

2

)
δt (10.23)

10.2.3 LBM for Concentration Release in Porous Media

The LBM for concentration release can be expressed as

gi(x+eiδt, t + δt) − gi(x, t) = − 1
τg

[
gi(x,t) − g

(eq)
i (x,t)

]
(10.24)
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where τg is the relaxation time and gi the distribution function for concentra-
tion. The equilibrium distribution function was modified as

g
(eq)
i = ωiC

[
φ +

e ·u
c2
s

]
(10.25)

Accordingly, the concentration and velocity are given by

φC =
∑

i

gi (10.26)

uC =
∑

i

gici (10.27)

By a similar procedure described above, from equation (10.14) one can
obtain the concentration equation for a porous medium

φ
∂C

∂t
+ (u ·∇)C = ∇· [Dm∇C] (10.28)

with the effective diffusion coefficient

Dm = φc2
s

(
τg − 1

2

)
δt. (10.29)

10.3 Application of Porous Media in Marine
Microbiology

As mentioned earlier, in marine microbiology there exists a great deal of sit-
uations in which porous media theories apply. From different examples given
above, in this section following problems will be discussed: (1) shear-stress
control at seabed bottom, (2) tortuosity of marine sediments, (3) oscillatory
flows over permeable seabed ripples, (4) nutrient release from sinking marine
aggregates, and (5) enhanced nutrient exchange by burrowing macrozooben-
thos species.

10.3.1 Shear-Stress Control at Bottom Sediment

In a variety of marine microbiological or environmental issues, generating uni-
form shear stress planes are desired. An example is given by sampling devices
applied in marine sciences—known as microcosms—in which a controlled flow
is generated to minimize the erosion threshold by producing a uniform shear
stress on the sediment surface.

Recently, shear stress control devices have been considered in technolo-
gies for integration of cell separation and protein isolation from mammalian
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cell cultures. In filtration systems a few circular disks are designed below
the rotating cone. This way, due to the fact that shear force, pressure gen-
eration, and the specific hydrodynamics of the system are decoupled, shear
rates can be easily optimized and precisely controlled to maximize filtration
performance while viability of the shear sensitive animal cells is maintained
(Vogel et al. 2002).

So far two different categories of devices have been suggested for uniform-
ing the bottom shear stresses. The first one is suggested by Gust (1990), and
is composed of a rotating disk in a cylindrical housing. Through the central
section of the disk fluid is pumped out and is reentered into the container via
the peripheral zone. The disk has optional skirts attached to it (see top image
in Figure 10.2).

In the second category, the rotating disk has a conical shape (either flat
or curved), and is suggested by Kroner and Vogel (2001) and in modified
versions by Sun and Lee (2005) and Ting and Chen (2008). The geometrical
configuration of the second category device—termed as shear inducer—has
been shown in the middle image in Figure 10.2.

As shown by Khalili et al. (2008), the shear stress uniformity generated by
microcosms covers only 72% of the bottom area. A further disadvantage of the
microcosm is that it cannot be miniaturized for biological applications such
as cell culturing. Also in the case of shear inducers a shear stress uniformity of
84% can be achieved under restricted conditions (very small cone tip-substrate
distances, very small Reynolds number). For more details on this issue, the
reader is referred to Javadi and Khalili (2009).

As an alternative to the devices in both categories, Khalili and Javadi
(2009) have suggested a new device (see the bottom image in Figure 10.2)
with which a shear stress uniformity over 94% or larger sections of the bot-
tom area may be generated. As shown in the figure, the system composes of a
central rotating disk, surrounded by a number of rings that rotate with lower
angular velocities. For the sake of comparison, the shear stress uniformity
achieved by all three devices are shown in Figure 10.3. Note that the calcula-
tions made for the multiring device contain a central disk and three rotating
rings.

As clearly demonstrated, the multiring device performs best. The real
advantage of the multiring device is that it can be applied to any flow and
size constraints, and can be applied for all kinds of applications both in large
and small scale.

Another issue associated with chamber flows and those in cone viscosime-
ters is the problem of artificial pressure near the interface, which affects
directly the sediment-water fluxes. This issue has to be given special attention
when the substrate is a porous sediment.

For the sake of completeness, the pressure field has been calculated and
plotted in Figure 10.4. The analysis demonstrates an almost contact pressure
for the entire radius. The pressure profile generated by the microcosm has
two distinct gradients, leading to larger differential pressure. Hence, as far
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FIGURE 10.2
Geometries of shear stress uniformity devices. Top: microcosm with suction-
injection after Gust (1990); middle: rotating cone with flat inclined sides
(dashed: after Sun and Lee [2005]) and curved inclined cones (solid lines:
after Ting and Chen [2008]) and bottom: multiring device of Khalili and
Javadi (2009). Note that here only two rotating rings have been shown. Prac-
tically, four or more rings can be implemented to enhance the shear stress
uniformity.
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FIGURE 10.3
Shear stress uniformity obtained for three different devices. Dotted line: micro-
cosm of Gust (1990) (Reynolds number is 68672); dashed line: shear inducer
device with flat conical sides (Sun and Lee 2005) (cone-substrate distance
h = 100µm, cone angle α = 1◦, angular velocity ω = 10 rpm; solid line: multi-
ring device of (Khalili and Javadi 2009) compared with the microcosm; bold
solid line: multiring device miniaturized version.

as the differential pressure is concerned, the multiring device has a better
performance.

10.3.2 Tortuosity of Marine Sediments

Permeability and porosity are two important physical properties of any seabed
sediment or, in general, any porous media. Beside these two properties, there
exists a third quantity known as tortuosity, which significantly influences the
ongoing exchange processes in the field of marine geochemistry and geophysics.
From hydrodynamic point of view, the tortuosity can be defined as follows:
If a fluid particle located in the upstream can migrate on a purely horizontal
path to a point downstream within a flow domain, then the tortuosity of the
path would be T = l/L = 1 with l and L being the path-line length and the
geometry length in the flow direction. Hence, the more tortuous the path-line
of the fluid particle within a porous medium (because of the existence of solid
obstacles) becomes, the larger is T (see Figure 10.5).
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FIGURE 10.4
Distribution of pressure as a function of radius (Reynolds number = 70,000).
Dashed line: microcosm of Gust (1990), solid line: multiring device of Khalili
and Javadi (2009). The latter device produces an almost constant gradient
and lower pressures compared to that of Gust.

T = 1

(a) (b)

T > 1

FIGURE 10.5
Comparison of free flow (a) to tortuous flow through a porous structure.

Unfortunately a direct measurement of tortuosity is not possible.
This fact has led to diffusive (Nakashima and Yamaguchi 2004), electri-
cal (Lorenz 1961), and acoustic (Johnson et al. 1982) tortuosity definitions.
There were also further theoretical attempts by Koponen et al. (1996) to
define tortuosity. However, all these tortuosities, in general, differ from each
other. Except for some very simple models (Clennell 1997; Knackstedt 1994;
Zhang and Knackstedt 1995), there is no clear consensus on its definition. In
the literature, so far four different models for tortuosity have been provided
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given by

T (φ) = φ−p (10.31)
T (φ) = 1 − p lnφ (10.32)
T (φ) = 1 + p(1 −φ) (10.33)

T (φ) = [1 + p(1 −φ)]2 (10.34)

with p as a constant factor and φ as porosity. The first, second, and third
model are theoretical models whereas the fourth one is an empirical model. In
sequence, the above equations go back to studies of Archie (1942); Weissberg
(1963); Iversen and Jørgensen (1993); and Boudreau and Meysman (2006),
respectively.

In a recent study, Matyka et al. (2008) developed an LBM (see Section 10.2)
and studied the tortuosity problem from a mathematical perspective. For that
purpose, they considered a rectangular flow domain with randomly distributed
solid squares as solid obstacles with fixed locations (see Figure 10.6a). By cal-
culating the velocity field and the streamlines (Figure 10.6b) the tortuosity
could be calculated, and compared with the models discussed earlier. The com-
parison shows that the hydrodynamic-based tortuosity calculation of Matyka
et al. (2008) matches well with the Weissberg relation (see Figure 10.6c).

For the mathematical modeling presented above, one may ask a question:
what is the minimum size of the model system that is able to predict the
behavior of the particles in the real world? The underlying basic assumption is
that the porous material has to be homogeneous. Large model systems demand
high-computational power. This is the main reason why in simulations, system
sizes are kept as small as possible. To check this, computational analysis of the
path of two particles traveling through a porous medium was performed. Two
different alignments with the gravitational field was depicted (see Figure 10.7).

The model system should be homogeneous and should have similar prop-
erties in all directions (isotropy). Anisotropy is used to describe the variations
of properties depending on the directions. As shown here the model system is
too small. Therefore, the traveling particles do not follow direction determined
by gravity vector. It was shown by Koza et al. (2009) that the model system
has to be at least 100 times larger than the characteristic grain size.

10.3.3 Oscillating Flows over a Permeable Rippled Seabed

The sediment–water interface constitutes a dynamic and significant biolog-
ically active region in marine sediments. Within this region, sediments and
porewater contact with the overlying water, and exchange between these
reservoirs regulates oxygen or nutrient distributions. The importance of the
solute transport across this zone has been long recognized as a key factor for
accurate determination of sediment oxygen demand in marine environments
(Berner 1976).
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FIGURE 10.6
Calculation of tortuosity in sediments based on path-lines. (a) Velocity mag-
nitudes squared (u2 = u2

x + v2
y). Light gray boxes show randomly placed fixed

solid matrices (porosity is 0.7). (b) Streamlines calculated from the velocity
field when the flow is induced by the action of gravity. (c) Comparison of
tortuosity values calculated from our model (cross symbols with error bars),
calculated after Weissberg relation (solid line) and after Koponen et al.

Coastal sediments are often sandy with uneven surfaces, above which
the flows is induced into oscillatory motion under surface gravity waves.
Gundersen and Jørgensen (1990) measured the vertical distribution of oxygen
at the sediment–water interface. They found that the time-averaged concen-
tration was indeed nearly constant except in a thin layer immediately above
the sediment surface, where the mean concentration decreased linearly with
decreasing elevation. Within this diffusive boundary layer (DBL), which was
about 0.6 mm thick, molecular diffusion model was used to estimate the ver-
tical flux of solutes. However, comparisons with actual flux measurements
suggested that such an “empirical diffusion coefficient” would have to be a
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(a) (b)

FIGURE 10.7
Computational analysis of the path of two particles traveling through a porous
medium. Gravity vector parallel to the x axis (a) and rotated by 20◦(b).

few times higher than that of molecular diffusivity. The oxygen concentration
in the middle of this DBL oscillated in time with a magnitude of more than
10% of its mean value and at the frequency of the prevalent surface grav-
ity wave. Gundersen and Jørgensen (1990) attributed the oscillations to the
“numerous eddies which approach the sediment surface from the bulk of the
following sea water and hit the viscous and diffusive sublayers,” but details of
the physical mechanism involved have yet not been explored.

However, mathematical models for quantifying fluxes across permeable
seabeds in the presence of oscillatory flows are, in comparison, not numerous,
and limited to the studies of Shum (1992a,b; 1995) and Hara et al. (1992).
Although these models provide a good insight into solute distribution below
the sediment–water interface, all of them are based on assuming linearized
potential flows, and hence, of limited applications. To gain a better under-
standing of the solute transport in a wave-induced oscillating ambient flow,
the LBM model was used to account for both advective and diffusive transport,
allowing a clear identification and comparison of fluxes arising from diffusive
as well as advective transport (Liu and Khalili 2010a).

In the study, an oscillatory flow has been generated on the surface of the
water layer to follow U = U0 sin(ωt) (Figure 10.8) with ω and t being the
oscillation frequency and time. The interfacial solute exchange depends on a
number of different parameters. The first important parameter is the steep-
ness factor, s = 2a/L, which characterizes the sinusoidal ripple. Next, the
flow intensity is decided by Reynolds number, Re = U0L/ν. Furthermore,
the Strouhal number, St = πL/U0T ), describes the oscillating intensity while
the Schmidt number, Sc = ν/D, describes the momentum and mass diffu-
sion intensity. In the above relations, 2a,L,U0,ν,T , and D are, respectively,
the wave amplitude, the wave length, constant velocity, fluid viscosity, the
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L

L

L

a

U = U0 sin(v t) 

FIGURE 10.8
Illustration of the geometry and flow condition.

oscillation period, and the diffusion coefficient. Finally, the properties of the
sediment, the porosity (φ) and permeability (k) are also important param-
eters for the interfacial solute exchange. As the results show, each of the
above parameters (Re,St,Sc,s,φ,k) are important factors (Liu and Khalili
2010a), however, for the sake of brevity only two cases are shown. These
are streamlines at one-quarter and three-quarter period of time, shown in
Figure 10.9.

Here we only gave two examples. In Figures 10.10 and 10.11, it has been
demonstrated that an increase in the steepness of the ripple and Reynolds
number enhanced the advective transport of the solute at the water-sediment
interface.

10.3.4 Nutrient Release from Sinking Marine Aggregates

Marine aggregates appear in different forms such as discarded feeding struc-
tures, fecal pellets, dead organisms, and other organic debris that sink from
the ocean surface down the water depth to the seabed. Depending on their
density and diameter, aggregates reach terminal velocities ranging from 15 to
30 m/d, and release/adsorb nutrient into/from the ambient seawater. A typi-
cal marine aggregate from the Atlantic with a diameter of 4 mm is shown in
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(a) (b)

FIGURE 10.9
Streamlines at t = T/4 (a) and t = 3T/4 (b).

(a) (b) (c)

FIGURE 10.10
Solute release in different ripple steepness s = 0.1 (a), s = 0.2 (b), and
s = 0.4 (c).

Figure 10.12. This specimen, in common with most from the Atlantic, com-
prises dead and decaying phytoplankton, zooplankton fecal matter, and their
exoskeletons. They sink at rates from a few tens of meters per day to several
hundred meters per day in contrast to phytoplankton cells that individually
sink at no more than 1 m/d and typically 0.1 m/d.

Owing to this rapid sinking, aggregates are known as a vehicle for vertical
flux of organic matter but also hotspots of microbial respiration responsible
for a rapid and efficient turnover of particulate organic carbon in the sea
(Logan and Wilkinson 1990).
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(a) (b)

FIGURE 10.11
Solute release at different Reynolds number Re = 125 (a) and Re = 1250 (b).

FIGURE 10.12
A marine snow particle of diameter 4 mm. (Courtesy of R. Lampitt.)

This is the reason for the increased interest of the marine scientists in
understanding the sinking and exchange mechanisms generated by the aggre-
gates. Owing to the fact that in-situ and laboratory-experiments on living
aggregates are not an easy task, attempts have been made to simulate their
sinking procedure with mathematical techniques.

Until recently, the only model available in the literature was that of
Kiørboe et al. (2001), in which aggregates were considered as a solid sphere.
However, as mentioned earlier, transmission electron microscopy images have
shown that aggregates have a porous structure (Leppard et al. 2004). Hence,
there can be two flow scenarios (Figure 10.13). In the solid case, flow can only
bypass the aggregates, whereas, in the porous case, a partial throughflow also
exists.
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Streamlines
(a) (b)

vs

Streamlines

vs

FIGURE 10.13
Schematics of the flow around a solid sphere (a) versus a porous sphere (b).
In the latter case a partial throughflow also exits.

More recently, Bhattacharyya et al. (2006) have considered a circular cylin-
drical porous structure, and showed that porosity and permeability of the
aggregate drastically alter the patterns of streamlines, vorticity, and nutrient
transfer.

Because the aggregates have, in general, a complex shape, an efficient
LBM code has been developed (Liu and Khalili 2008, 2009), which has made
possible to treat not only spherical, but also arbitrarily-shaped porous domains
(Liu and Khalili 2010b). A comparison between the nutrient release from a
solid aggregate versus that of a porous aggregate solved by the model of Liu
and Khalili (2010b) can be seen in Figure 10.14. Furthermore, while current
calculations have assumed constant porosity, the LBM code can easily account
for spatially heterogeneous porosity.

For comparison, a complex geometry is given in Figure 10.15b which con-
sists of four different porous subdomains, a square, a rectangle, an oval, and
a circle, which all lie within the same viscous ambient fluid.

As shown in the figure, the flow past the aggregate partially passes through
the porous bodies and partially bypasses them. In the example shown, all
subdomains have the same fixed porosity of φ = 0.993.

The literature discussed so far invariably assumed a homogeneous fluid
density. However, in lakes, oceans, and estuaries, vertical density gradients
within the water column are ubiquitous. In freshwater systems, density gradi-
ents are caused by a decrease of temperature with depth, while in the ocean
it is often salinity that increases with depth. The strength of the stratification
is quantified by the Brunt-Väisälä frequency, N =

√−(g/ρ0)(∂ρ/∂z), which
measures the natural frequency of a fluid parcel in a stable density gradient,
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(a)

(b)

FIGURE 10.14
Release of nutrient from a solid aggregate (a) versus the same from a porous
one (b) with a porosity of 0.993 and Re = 10. In (a) image, initially a maximum
concentration is given at the aggregates surface, which is redistributed with
time. In (b), however, the initial maximum concentration covers the entire
aggregates interior (the entire sphere is fully red at time t = 0, having a maxi-
mum concentration). From left to the right, the nondimensional times plotted
are 400, 1,000, 2,000, and 3,000, respectively. As can be seen from the figure,
the mechanism of concentration release is entirely different in both cases (Liu
and Khalili 2008, 2010b).
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FIGURE 10.15
Streamlines (solid black lines) through and around a complex rectangular cell
containing four different porous geometries (square, rectangle, ellipse, and
circle). The gray contours represent the pressure distribution (high pressure
below the circle and ellipse, low pressure at upper sides of the all geometries).

where g and ρ0 denote acceleration due to gravity and a reference density,
respectively. Naturally occurring stratifications range from N ≈0.01s−1 in the
ocean to N ≈0.2s−1 in estuaries or fjords (Farmer and Ami 1999).

Stratification can have a significant impact on an important aspect of the
marine carbon cycle, since the sedimentation of particulate organic matter is
the main vector of carbon export from surface waters to the deep sea. Particles
also affect marine ecology by providing an important resource for planktonic
microorganisms. Marine particles of size a≥0.5mm are commonly referred
to as marine snow. Marine snow typically consist of vestiges of phyto- and
zooplankton, together with gel-like transparent exopolymer particles (TEP).
Marine snow has high porosity, ε ≥ 0.99, and small excess density with respect
to the ambient seawater, ∆ρp =ρp − ρ=O(10kg/m3) (Turner 2002). Because
of the latter, the sinking of marine snow is characterized by low Reynolds
numbers, Re=aU/ν =O(0.1 − 1), where U is the settling velocity and ν is the
kinematic viscosity.

Marine snow is known to accumulate at pycnoclines in the ocean, form-
ing thin layers that can persist for days and have highly elevated parti-
cle concentrations (McIntyre et al. 1995; Alldredge et al. 2002; McManus
et al. 2003). It has been speculated that the retention of particles at pyc-
noclines is caused by the slow, diffusion-driven exchange between interstitial
and ambient fluid at the pycnocline (Alldredge and Crocker 1995; Alldredge
1999). Diatom aggregates are nearly impermeable to flow (Ploug et al. 2002),
hence the hydrodynamic properties of the aggregates are defined primarily
by TEP. By reference to comparable gels, the permeability of TEP is esti-
mated as k≤O(10−17 m−2) (Jackson and James 1986). The diffusivity D of
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small molecules like sodium chloride is very nearly the same in TEP and in
seawater (Ploug and Passow 2007).

Previous investigations of solid spheres settling through step-like strati-
fications at comparable Reynolds numbers, Re=O(1), reported a reduction
in settling speed at the pycnocline associated with an increase in drag. This
excess drag resulted from the buoyancy of a wake of lighter fluid attached
to and dragged downward by the particle (Srdic-Mitrovic et al. 1999). The
magnitude of this “tailing” effect is governed by the relative importance of
inertial and buoyancy forces, measured by the Froude number Fr=U/(aN).
A related effect has been observed for solid particles settling in linear strati-
fications, where a shell of lighter fluid is entrained by the particle, exerting a
buoyancy force on the particle that retards its descent (Yick et al. 2007).

To study the effect of porosity on the settling process at a pycnocline,
Kindler et al. (2010) recently conducted experiments with hydrogel spheres
settling through a thin density interface with N =7.2s−1, using salt as the
stratifying agent (Figure 10.16). The Reynolds number Re0, based on the ter-
minal velocity in the upper (lighter) phase U0, was O(0.1 − 1). The porosity of
the spheres was φ=0.955 and the permeability k=10−15 m−2, in general agree-
ment with those of marine snow. The settling of porous, impermeable spheres
through a pycnocline is based on two processes: the entrainment of lighter
fluid from above, and the relaxation of the interstitial fluid (Figure 10.16).
Depending on the initial particle excess density with respect to the lower
(denser) layer, ∆ρp =ρ1 − ρp0 , two limiting scenarios were identified. First,

rp0

rp

r0

r1

r = const

r0

r1

r

U

U

a

z

(a) (b)

FIGURE 10.16
(a) Schematics of the density stratification. (b) Schematic illustration of the
behavior of porous particles settling through a density interface, depending on
the initial particle excess density ρp0 with respect to the lower phase density
ρ1. (From Kindler et al. (2010)).
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when ∆ρp ≥0 the sphere decelerates as it enters the heavier layer, due to the
decreased specific gravity. The sphere settles in response to the diffusional
exchange of fluid from the pore space. In this case, the retention time at
the pycnocline scales with the diffusional relaxation time, a2/D. Second, if
∆ρp <0, particles can sink into the lower layer even in the absence of diffu-
sional exchange of interstitial fluid. For large negative ∆ρp, also implying large
Re0, the buoyancy of the interstitial fluid becomes negligible with respect to
the effect of entrainment and the particle motion resembles that of a solid
sphere in the lower layer.

In conclusion, Kindler et al. (2010) identified and verified a mechanism
that can account for porous particle accumulation. However, the coupling of
entrainment and diffusive effects for intermediate excess densities has to be
clarified to consider more widely occurring, weaker stratifications. A better
understanding of marine particle transport and retention within the water
column will provide the basis for carbon transport modeling at the basin
scale.

10.3.5 Enhanced Nutrient Exchange by Burrowing
Macrozoobenthos Species

Chironomid larvae, known also as bloodworms, live on the river bed or lakes
in u-tube-like burrows made from detritus (Figure 10.17a). The pupae of
midges drift to the surface, where they rest before the adult fly emerges (Fig-
ure 10.17b). What makes these species interesting is that they enhance the
exchange of dissolved substances between pore water and the overlying water
body by their body motion while being in their burrows, and cause the so-
called bioirrigation activity.

Microbial consequences and biogeochemical impacts of bioirrigation in ben-
thic sediments have been long recognized and described in studies such as
those related to filter feeding (Walshe 1947; Osovitz and Julian 2002), sed-
iment biogeochemistry (Aller 1994; Stief and de Beer 2002; Lewandowski
and Hupfer 2005) metabolic demand for oxygen (Polerecky et al. 2006;
Timmermann et al. 2006), and the solute exchange between sediment and
water (Meysman et al. 2006, 2007).

However, despite their high abundances (≤ 4,000/m2) and their significant
ecological role for processes both within and above the sediment, Chirono-
mus plumosus provide challenging unsolved questions. Specifically, it was not
clear until recently, how to quantify the flow rate pumped into the burrow.
Using particle image velocimetry, Morad et al. (2010) and Roskosch et al.
(2010) studied three different experimental setups to mimic the natural flow
generated by the larvae. For this purpose, a setup was made allowing larvae
to burrow their natural tubes in the sediment. A schematics of the burrow
has been shown in Figure 10.18a. On the basis of velocity measurements,
the volumetric flow rates could be calculated by integrating the velocities
obtained by PIV (Figure 10.18b). Rigorous experiments performed showed
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(a)

(b)

FIGURE 10.17
Chironomus plumosus larva (a) and after adult fly has emerged (b).

that the volumetric flow rates moved by the larvae was between 54.6 and
61.7 mm3/s.

An early modeling of the effect of tube-dwelling animals was presented by
Aller (1980). He defined a microenvironment in marine sediments as a single,
tube-dwelling animal together with its surrounding sediment represented by a
finite hollow cylinder. Ignoring advection, the transport of solutes within the
bioturbated zone was then modeled within a microenvironment given by the
diffusion-reaction equation:

∂C

∂t
= Ds

∂2C

∂x2 +
Ds

r

∂

∂r

(
r
∂C

∂r

)
+ R (10.35)

where x is depth in sediment relative to the sediment–water interface, r is the
radial distance from the center of the tube/burrow, and t is time. Furthermore,
the parameters C, Ds, and R are concentration of the dissolved solute, solute
diffusion coefficient in bulk sediment, and reaction function, respectively.
Equation (10.36) was solved subject to the initial and boundary conditions,
such as constant concentration within the burrow by bioirrigation, or conti-
nuity of solute flux between the bioturbated and underlying sediment zones.
The effect of sediment permeability was taken into account by correcting the
diffusion coefficient via tortuosity.

Boudreau and Marinellli (1994) introduced modifications to the cylinder
model allowing for periodic bioirrigation because the majority of infaunal
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(a)

(b)

FIGURE 10.18
Schematics of a typical burrow made by C. plumosus (a) and the flow visual-
ization near the burrow inlet (b).

burrow-dwelling organisms bioirrigate periodically. This model was further
improved by Furukawa et al. (2001) who considered a more realistic depth-
dependent distribution of burrows and burrow tilt angles rather than Aller’s
cylinder model with constant diameter and vertical direction for burrows.

Later, Timmermann et al. (2002) took the effect of advection into account.
They injected water from overlying water column into a sediment depth they
named Zone 2 (expected to be the feeding depth) to simulate bioturbation
by Arenicola marina, a bioturbator which irrigates in J-shaped burrows. Zone
1 referred to the sediment above Zone 2, and Zone 3 was below the biotur-
bated zone where solutes are affected only by diffusion. Timmermann et al.
(2002) considered the advection term and solved equation (10.37) consider-
ing the effect of sediment porosity in the set of advection–diffusion equations
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given by

Zone 1:
∂φC

∂t
=

∂

∂x

(
D

∂φC

∂x

)
+

∂vφC

∂x

Zone 2:
∂φC

∂t
=

∂

∂x

(
D

∂φC

∂x

)
+

∂vφC

∂x
+ S(x,t) (10.36)

Zone 3:
∂φC

∂t
=

∂

∂x

(
D

∂φC

∂x

)
where C is the solute concentration in a volume of pore water, φ is the porosity,
S(t,x) represents the source of solute because of injection of overlying water
at feeding depth, v(t,x) is the velocity of the advectively recirculating water
and D(x) represent the apparent diffusion coefficient in the sediment. Dividing
pumping rate by the area of advection column and sediment porosity, they
estimated the advective velocity used in equation (10.36).

A more recent model is presented by Meysman et al. (2006) for the same
bioturbator, called the two-dimensional pocket injection model, which was
regarded as the advective counterpart of Aller’s “diffusive” two-dimensional
tube bioirrigation model. They started from Darcy–Brinkman–Forchheimer
equation as a general equation to model pore flow and neglected Brinkman-
Forchheimer effects because of the low-pore velocity and large-length scales
compared to the Brinkman layer involved in the problem, and finally employed
the momentum balance reduced to Darcy’s law (10.37).

vd = −k

µ
(∇p− ρg∇x) (10.37)

In the above equation, k is the permeability, µ is the dynamic viscosity of
the pore water, ρ is the pore water density, g is the gravitational acceleration,
and x is the vertical coordinate. The Darcy velocity vd is related to the actual
velocity of pore water as vd = φv, where φ is the porosity. A commercially
available code (Comsol Multiphysics) was employed to solve (10.38) and the
results were used to solve the reactive transport equations for concentrations.

To date, no exclusive modeling is performed on bioturbation because of
U-shape burrows, nor is there any model to contribute the animal’s motion
characteristics to the flow generated along the burrows and in the sediment.

Beside this issue, there exists still a good number of challenging questions.
One of the most prominent one is whether or not the pumping strength of
C. plumosus is sufficient to mediate an additional advective flow through
the burrow walls they construct. Some recent simple models are available
for this problem (Shull et al. 1995), however, a real evidence in the form of
a two-dimensional flow in a porous-fluid-burrow domain has not yet been
provided. Such a model is under development (Morad et al. 2010b) for the
geometry shown in Figure 10.19 (a) with a porous sediment having a fixed
tube with permeable walls underneath a fluid layer. Using high speed cameras,
the equation for the larva’s motion has been obtained by digital analysis,
and inserted as an input to the model. By solving the momentum equations
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I

II

III

II

- Navier-Stokes equation
- Concentration equation

- Extended Navier-Stokes equation (Darcy + Brinkman)
- Concentration equation

(a) (b)

FIGURE 10.19
Geometry of the burrow and the overlying water column with the larva motion
simulated (a) and the streamlines and the concentration distribution (gray
scale) due to the larva’s pumping (b).

as well as the concentration equation, the velocity and concentration field
(Figure 10.19) (b) could be obtained precisely. The comparison of the outlet
or inlet velocity field obtained in the simulation with the same from the PIV
measurements resulted in a good agreement (Morad et al. 2010b).

10.4 Future Prospectives

Porous media applications are ubiquitous not only in technical but also in
marine and biological studies, from which some current examples were given
in this chapter. However, the real challenge is still to come, namely, in com-
bining visualization and modeling in micro- and nano-scale biology, which,
to a larger extent, depends on the progress in multiscale transport processes
in complex porous media. Progress in porous media can help characterizing
microbial communities to a small scale. Systems approaches require precise
analyzes of the spatio-temporal properties of multiple existing microbial envi-
ronments available in diverse microbiological applications. Exactly, this can
be done by the lattice Boltzmann models that are capable of accounting for
both the complex structures and the microbial growth and activity on changes
to surface wetting induced by surfactants (O’Donnell et al. 2007).
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