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WAVE INDUCED FLOW AND TRANSPORT IN SEDIMENT BEDS!

Fawaz Habel and Amuvrossios C. Bagtzoglou?

ABSTRACT: The fate of contaminants in large water bodies is high-
ly influenced by the transfer of flow and solutes across the water
sediment interface. In this paper, an analytical model is presented
where flow in both sediment bed and open channel is coupled at the
interface through a boundary layer occupying the upper part of the
sediment bed. The presence of this layer allows not only the cap-
ture of the inertia effects through a drag term in the generalized
Darcy’s equation, but also the specification of different soil parame-
ters for the two porous zones. The flow is advective and driven by
wave action along the water surface. The resulting system is solved
for the pressure and flux in each sediment layer. The generated
transport velocity fields are linked to a random walk simulation
that is used to examine the trajectories of solute particles. Compari-
son of these trajectories against experimental tracer tests suggests
a pattern very similar to the one attributed to the presence of sur-
face mounds. The results clearly show the significance of the
boundary layer and the drag term for soil with high permeability
and the impact of both the thickness of the boundary layer and the
length of the gravity wave relative to the depth of the water chan-
nel on the transport and exchange across the interface. The paper
also examines the sensitivity of the mass exchange to the perme-
ability of the two porous zones.
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tion.)
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INTRODUCTION

The fate and transport of contaminants in water
bodies are controlled by the transfer of flow and
solutes across the water sediment interface. Different
processes in both the water body and the sediment

bed control the capture of solutes by the sediment bed
and their subsequent release back into the water
channel. Besides diffusional processes, field experi-
ments in rivers point to the importance of convective
transport in explaining the observed concentration
profiles (Musgrave and Reeburgh, 1982).

In the case of gradient driven flow, there is an
extensive body of research work that was done to
model and understand the fate of solutes in sediments
and water channels. The classic approach to modeling
the water sediment interface has been the advective
transport equation in the water channel with
source/sink or first-order linear terms to represent the
exchange with the sediment bed. Bencala (1983) mod-
eled the sorption mechanism while Bencala and Wal-
ters (1983) included terms for lateral inflows and
transient storage. Runkel et al. (1996) extended both
works and developed an equilibrium based model that
considered a variety of chemical processes. These
models do not describe the mechanism of the
exchange process but simply allow the model to repro-
duce the experimental/field results by fitting the
exchange parameters.

In water of shallow depth and soil with high per-
meability, water waves could generate significant
advective transport. Riedl et al. (1972) measured the
total exchange due to the water flow across the sedi-
ment interface in the west Atlantic continental shelf
while Harrison et al. (1983) estimated that mechani-
cal dispersion induced by surface wave action can sig-
nificantly increase the rate of solutes transport.
Savant et al. (1987) modeled and measured experi-
mentally the convective transport within sediment
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bed resulting from pressure variations on the sedi-
ment surface. The sediment surface had stationary,
triangular bed forms and the pressure was steady
with a Darcy constitutive relationship between pres-
sure and fluid velocities. Their results indicated that
the interstitial flow driven by the pressure variations
at the surface, often termed pumping, could dominate
the transport of solutes within the sediment bed.
Shum (1992) modeled the convective flow inside the
sediment bed due to modulations along the water sed-
iment interface. The flow was modeled using Darcy’s
law and was driven at the surface by tranversing
water waves. He also measured the total exchange
across the interface over one wave period and found
net advective transport due to the nonelliptical pat-
tern of pore water trajectories.

A different numerical and experimental approach,
one that is based on the concept of residence time,
was presented by Elliott and Brooks (1997a,b). Their
analysis focused on water movement driven by the
presence of bed forms and on the mechanism of pump-
ing, which is water flow induced by pressure, and
turnover, which is water flow due to moving bed
forms. They found pumping to be the main mecha-
nism driving the flow and exchange in the lower parts
of the bed, whereas turnover was limited to the upper
layer of the sediment bed. Packman et al. (2000a,b)
extended the work of Elliott and Brooks (1997a,b) to
colloid transport with stationary bed forms and finite
sediment depth.

In all the work mentioned so far, the porous medi-
um is assumed homogeneous and the flow in the sedi-
ment bed is described by Darcy’s law. However, as
pointed out by Mendoza (1988), the flow field within
the sediment and the flow above it are strongly con-
nected. The use of Darcy’s law could be inappropriate
in a narrow zone underlaying the water sediment
interface where inertia effects could be significant.
Inherent in Darcy’s law is the assumption that the
convection length per wave period is large compared
with the pore spacing (Harrison et al., 1983). This
imposes limitations on the range of parameters for
which Darcy’s law is applicable.

One focus of this paper is to study the impact of the
inertial forces and the presence of the boundary layer
on the exchange across the sediment interface. An
analytical model is presented where the flow in both
the sediment bed and the channel is connected
through a narrow boundary layer occupying the upper
part of the sediment bed. A generalized Darcy’s law
describes the flow in this layer where inertia effects
are captured through a drag term that allows depar-
tures from the linear dependence of specific flux on
the head gradient. The presence of this layer also
allows the specification of different soil parameters
for the two porous zones. The driving force of the flow
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is the wave action along the water surface. In this
work, the term wave is used in a very general sense
and any periodic pressure disturbances are due to a
variety of physical processes, such as tidal effects
near river mouths, flow over stationary or moving bed
forms, surface wave action, etc. The resulting system
is solved for the pressure and flux in each sediment
layer. Another focus is to measure the trajectories of
the contaminant as driven by the generated transport
velocity (ratio of flux over porosity) fields induced by
the imposed surface waves. This is achieved through a
random walk simulation coupled with the transport
velocity field obtained using the analytical model.
Comparison of the trajectories of the solute particles
against experimental tracer tests suggests a pattern
very similar to the one attributed to the presence of
surface mounds (Huettel et al., 1996). The paper also
examines the sensitivity of the mass exchange to the
thickness of the boundary layer, to the length of the
gravity wave relative to the depth of the water chan-
nel, and to the permeability of the two porous zones.

MATHEMATICAL MODEL

The physical system is a two-dimensional domain
with flow in the water channel assumed nonviscous
and driven by wave motion along the water surface.
The sediment bed is divided into two layers, each with
its own soil characteristics. The flow through the
porous medium is described by an extension of
Darcy’s law. The extension captures the inertial
effects and was suggested by Joseph et al. (1982)
through the inclusion of a drag term. Figure 1 shows
a schematic description of the domain.

Flow Model

Potential flow theory is assumed valid in the river
channel. The continuity equation is:

V2¢=0 thySh2+h (1)
where ¢ is potential (m) and 2 (m) varies around the
mean water depth, A4.

In the sediment bed, the equations of motion for
both Zone 2 (boundary layer) and Zone 3 are:

_vp,-P %2 K o

pc - -
—_ <y<h
ng ot K2 q2+\/K72|q2|q2 h3<y< 2
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where P is pressure head (kg/m-s2), q is flux (m/s), p is 3 ng ot 343 Y=
density (kg/m3), n is porosity, p is viscosity (kg/m-s),
K is permeability of the porous medium (m?2), and c is with
a nondimensional coefficient that relates to the drag
due to the nonlaminar flow near the interface with i pc . i
the surface water. When flow departs significantly Iy =K_2+ \/K7|q2| and I3 =K_3 (6a,b)
from laminar, the specific flux is no longer linearly 2
related to the gradient of hydraulic head. ¢ varies 3a)
with the m:aterlal and coulgl range between 0.1 and Using the continuity equation (gy) + 8y -0 with
2.6 depending on the porosity (Joseph et al., 1982). ox dy
Besides the inertial effects, the above two equations Equations (4) and (5) yields
capture any stratification in the porous medium for
both  and K. V2Py=0 and V2P3=0 (7a,b)

The thickness of the boundary layer (Zone 2) is a
very small fraction of the total thickness of the perme-
able bed. Accordingly, the variations in the flux along
the vertical direction can be negligible and the magni-
tude term could be approximated with a constant
average. In such case, the drag term is only captured
as a constant input, estimated using the average flux
in the boundary layer. For Zone 3, the inertial effects
are usually insignificant and the drag term could be
neglected. With such assumptions, Equations (2) and
(3) can be written as
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In terms of boundary conditions, the domain is a
two-dimensional space where the water flow is bound-
ed above by a free water surface, below by the bed
water interface, and the porous bed has an imperme-
able lower bound. In the horizontal direction, the
domain is assumed to span from one to multiple grav-
ity wavelengths (x) implying the existence of periodic
boundary conditions.
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At the bottom of the porous medium, the vertical
flux across this interface vanishes and, therefore, no
transfer of momentum or pressure can take place.
Accordingly, a zero pressure gradient is imposed

P,
dy

At the interface, the continuity of pressure results
into the following equation

pa—¢=P

o = 2 9

at y=h2

Equation (9) is only applicable for the case where
fluid in the open channel flow has a zero viscosity. In
the case of viscous fluid, a detailed derivation of the
appropriate boundary condition can be found in
Murray (1965).

The other necessary boundary condition at the
riverbed interface is the continuity of vertical dis-
charge

9% _

Y =h 10
ay qy y 2 (10)

As for the free surface boundary, the condition that
the normal components of the fluid velocity at the free
surface are equal to the normal velocity of the surface
gives the following (Lamb, 1932)

n_
ot

%0

11
% (1D

y=h

The water surface elevation will be assumed to be a
simple harmonic function:

N = E expli(kx - wt)] (12)
in which E is a constant amplitude, k& is the wave
number of the wave, and w is the angular frequency of
the gravity wave (radians per second).

o=2/T; k=2uly (13a,b)
T being the period of the gravity wave, and x the
wavelength (m).

At the interface between the two porous zones, con-
tinuity of pressure and flux is assumed in the vertical
(14)

P3=P2 at y=h3
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d2y = g3y at y=hg (15)

Analytical Solutions

Using separation of variables and applying appro-
priate boundary conditions, the solutions to Equations
(1) and (7a, b) are written as follows

¢ = Refexpli(kx - wt)][Acoshk(y - hy) + Bsinh k(y - ho)l}
(16)

Py = Relexpli(kx - wt)][Ccoshk(y - hg) + Dsinh k(y - hg)l}
a7

P35 = Relexpli(kx - wt)][J coshk(y) + Lsinh k(y)]} (18)
Constants A, B, C, D, and J can be found in the
Appendix. Constant L is equal to zero. Solving for the
real parts of the pressure fields in Zones 2 and 3 one
gets

Ekpm2
Py, y;t) = ——0D__
4(D21 + Dzz)

[F1(y) cos(kx — ot) + Fy(y)sin(kx — ot)] (19)

Ekpm2

Py (x,y;t) =
Dy1 + Doy

cosh(ky)

[G1 cos(kx — wt) + Gy sin(kx — o) (20)

Constants F1(y), Fo(y), D91, D99, G1, and G, can be
found in the Appendix.

Differentiating Equations (19) and (20) with
respect to x and y and substituting into Equations (4)
and (5), yields four ordinary differential equations
(ODEs) that describe the fluxes in both zones. The
solutions of the ODEs are (Tenenbaum and Pollard,
1985)
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Ek2npoo2 (=Fy(y)Ion + F1(y)pw) cos(kx — wt) +
Q2 (%, 30) = 5 5 3 3 : 21)
4—(D21 +D22)(12n +p o ) (Fl(y)Izn+F2(y)pu))s1n(kx—u)t)
Ek2npm2 (S1(»)Ion + Sy (y)pw) cos(kx — mt) +
92y (x,y;1) = 53 33 : (22)
4(D21 +D22)(Izn +p 0 ) (SQ(y)I2n_Sl(y)pm)SIH(kx_mt)
2npm> -Golon+G kx —ot) +
G y38) = Ek ngm2 __coshiky) |:( 5Ion 1p0)).cos( x — ot) } ©23)
(Dg1 + Doy )([2 n? +ple ) (G1I5n + Gopw) sin(kx — wt)
2 2 G41. G kx — ot
sy .33 = Ek ngoo2 _ sinh(ky)[( 1Ion + Gopo) c?s( X — O )1 24)
(Dyy + Dzz)(lz n? +p%0 ) (GyIon — Gipw) sin(kx — wt)

Constants S1(y) and Sy(y) can be found in the
Appendix.

Darcy’s Flow Model. The case of Darcian flow in
a homogeneous sediment bed is a simplified version of
the model presented in the Analytical Solutions sec-
tion. The analytical solutions for pressure and flux
can be deduced from Equations (19) and (20) by not-

ing that hg — hy andI2=13=%.

(122112 +plw? ) cos(kx — wt) cosh(khy)
2Epco2 cosh(ky)| sinh(khq) + npw cosh(khq)(pw cos(kx — wt) —
Ionsin(kx — wt)) sinh(khg)

Py(x,y;t) = P3(x,y;) = (25)
k[2(122n2 +p%0?) cosh(khy)? sinh(khy)? +npo? ]

(2n cosh(khy)? sinh(khy)? + sinh(2khy) sinh(2khy))

(Izznz + pzwz)sin(—kx + wt) cosh(khy)

—2Epoo2 cosh(ky)| sinh(kh,) + npw cosh(kh)(pwsin(kx — ot) —
Iyn cos(kx — wt))sinh(khy)
Qo2 (%, 330) = @3, (%, 330) = (26)

2(122n2 + p2w2)cosh(kh2)2 sinh(khy)? + np2n?

(2n cosh(khy)? sinh(khy)? +sinh(2kh,) sinh(2khy))

(I%n2 + pzwz)cos(kx — ot) cosh(khy)
—2Epm2 sinh(ky)| sinh(kh,) + npw cosh(khq)(pw cos(kx — wt) —
Iynsin(kx — ot)) sinh(khy)

q2y (%, y;8) = q3, (x, y;1) = 27)
Y y [2(122712 +p%0?) cosh(khy)? sinh(khy)? +npo? ]
2

(2n cosh(khy)? sinh(khy)? +sinh(2kh; ) sinh(2khsy))
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Mass Transport

The magnitude of the total exchange across the
water sediment interface depends on the flux across
that interface and the strength of the wave motion.
The flux of pore water per unit length is given by

F,=u—+v— (28)

where d/ is a unit length along the water sediment
interface. In the case of a flat bed, the flux across the
interface per unit length becomes

dF, = q,(x,hg,t) (29)

where gy 1s given by Equation (22). Integrating along
a wave period for the total exchange, the transport
per unit length is approximated by

T
dF, = [|dFidx (30)
0

The net flux over one wavelength is zero because
the flow over one wave period is separated into two
equal regions, one with inflow and the other with out-
flow. However, for mass transport in natural media
caused by wave motion, it is important to measure the
total flow across the sediment interface since there
may exist variations in soil characteristics. This flow
varies with vertical distance but this work only focus-
es on the volume exchange at y = hy. The effects of
wave and soil characteristics on the net flow, namely
Equation (30), are examined in the analysis section.

The approach for estimating mass transport across
the water bed interface described above has two
assumptions embedded in it: (1) the contaminant is
uniformly distributed in a layer below the riverbed
interface (as opposed to over a finite area) such as the
total amount of solute transported across the inter-
face is directly proportional to the flux, and (2) once a
solute particle enters the sediment bed, it remains
there without the possibility that it finds its way back
into the water surface.

Random Walk Transport

A numerical approach to study mass transport
under an imposed transport velocity field is the “par-
ticle method,” whereby the mass of solute is repre-
sented by a large number of discrete particles that
represent the solute distributed in space. Each parti-
cle has a set of attributes such as mass and position,
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and in ground water problems, the trajectory of each
particle is simulated. One of the most widely used
simulation methods is based on the random walk
approach, which is a formulation of the Brownian
motion. In terms of position, the motion of a particle
is modeled as

‘fi_)f —d(X,8) +ra(X, ) () (31)

where the last term is a random factor. Following
many transformations (Bagtzoglou et al., 1991), the
previous equation can be written as a discrete Ito
stochastic differential equation

Xn+l = Xn + d(Xt) At + ra(Xt) - W(t) (32)

W(t) is a random variable given by Z~At, where Z is a
random number with zero mean and unit variance.
Equation (32) allows the transport of particles over a
number of time steps. A more detailed description of
the random walk approach can be found in Bagt-
zoglou et al. (1991, 1992).

Concerning the initial and boundary conditions, the
solute is simulated by introducing a number of parti-
cles at specific nodes, and no-flux boundaries are
treated as reflection planes where the particles
bounce back and stay within the domain. Periodic
boundary conditions, whereby a particle escaping to
the left is reintroduced at the right boundary, have
also been explored. At the riverbed interface, once a
particle crosses the domain, zero mass is assigned to
it so that it is effectively removed from the computa-
tions.

This approach provides an easy and simple way
of simulating solute transport subject to the wave
driven advective flow. The impact of both soil and
wave characteristics can be easily assessed and solute
trajectories are visualized and compared against
experimental or field studies. The random walk simu-
lation results were obtained for pure advective solute
transport.

ANALYSIS AND DISCUSSION

In this section, the above model is first compared
with an already derived analytical solution. The com-
parison provides a check of the model’s validity within
the limits of this specific test. In the second part, the
flow and transport problems are addressed. The
impact of the soil and wave characteristics on the
mass transfer across the sediment interface is investi-
gated. Also, the solute trajectories subject to the
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water wave motion are simulated and qualitatively
compared to experimental tests.

Comparison With an Analytical Solution

To test the mathematical model, a comparison with
an analytical solution for the pore pressure is carried
out. Gu and Wang (1991) have presented an analyti-
cal solution for the pore pressure in a uniform porous
medium with unsteady linear flow

P(x,y;t) = D expli(kx - wt)]cosh[kyl] (33)
D= pPsE
cosh[khq] coshlkhg] - (i/ fy)sinh[khq]sinh[khs]
(34)

fo is a linearized resistance coefficient equivalent to
v

Xon " Figure2 shows the comparison between the real
po

-0.075m

part of Equations (33) and (34) and the solution pre-
sented in the Darcy’s Flow Model section. The input
parameters are listed in Table 1. Since the solution of
Gu and Wang (1991) is for a homogeneous porous
medium, it should be noted that this comparison
serves only as a limiting case verification of the
model.

TABLE 1. Parameters Used for the Analytical Comparison.

Wave Period (7) 10 s

Time (¢) 58
Sediment Thickness (h9) 2 m

Mean Water Depth (k1) 2m
Wavelength (y) 5m

Wave Amplitude (E) 1m
Porosity (n) 0.25

Water Density (p) 1,000 kg/m3
Permeability (K) 5x 10-11 m2
Dynamic Viscosity (p) 0.001 kg/m s

) ) + 0.075 m
Da//atzj//—/w *i/?u./.Jii//
1,80 e
i E\E)\Ekz/
1.6¢7
i
’é 1.4
\E) [iien=
Q g2/
©
v iz
T 1
©
0
T 08
-
> -0.020 m
0.6 - +0.020 m
0.4
0.2
0 dh L 1 1 i
0 1.5 2 2.5 3 .5

Horizontal distance (m)

Figure 2. Comparison Between Equation (30) (solid lines) and the Analytical Pressure Head Solution of
Gu and Wang (1991) (squares). The input parameters used in the comparison are listed in Table 1.
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Model Sensitivity to Wave, Domain, and Soil
Characteristics. To study the sensitivity of the
model, a parametric study was conducted by changing
various characteristics of the wave, domain geometry,
and soil. A summary of the parameters used in the
sensitivity analysis is presented in Table 2. The net
exchange across the sediment interface over one wave
period is zero. The cyclic nature of the wave motion
results in an upward vertical flow over half the wave-
length and downward vertical flow over the other
half. Figure 3 shows the velocity underneath the
water wave as it travels from the left towards the
right of the domain as indicated in Figure 1. There-
fore, the three plots of Figure 3 can be viewed as
either the variation of transport velocity (or flux for
the case of uniform porosity) with vertical distance at
three distinct horizontal locations and at the same
time or at one location at three different times. For
the case studied here (input parameters are listed in
Table 2), downward vertical velocity occupies the mid-
dle half of the wave domain. The total, instead of the
net, exchange is measured in this section to study the
effects of wave, domain, and soil characteristics. The
impact of both the thickness of the boundary layer
and the length of the gravity wave relative to the
depth of the water channel on the transport and
exchange across the interface will be examined. The
significance of stratification in the soil permeability
on the exchange will also be assessed.

For sediment with low permeability, Harrison et
al. (1983) showed the little impact surface wave
action and the resulting advection could have on the
rate of solute transport into a sandy seabed. Since
the inertial forces in the boundary layer are insignifi-
cant for weak advective transport, it is expected that
the impact of nonlinear flow on mass transfer is

negligible for sediments with low permeability. Figure
4 confirms this result by plotting the variation of
the flux as a function of the ratio of the thickness of
Zone 3 relative to the total thickness of the sediment
bed R = hs/hy. With the ratio being equal to one corre-
sponding to linear flow in a homogeneous sediment
bed, the presence of the boundary layer affects the
flux across the riverbed interface only for the case of
high permeability.

Defining S as the ratio of the wavelength to the
mean depth of the water channel, S = %/h{, the mass
exchange across the riverbed interface is sensitive to
this ratio especially for sediment beds with high per-
meability. To better illustrate the point, Figure 5 plots
the variation of the flux with S for three different per-
meabilities. The increase in flux with increase in
seems to reach an asymptotic level that is dependent
on permeability. This is due to the fact that after a
certain point, the increase in wavelength has little
impact on the pressure field over the sediment bed.
For low permeability, the analysis confirms the expec-
tation of a low mass exchange. As far as the soil char-
acteristics are concerned, the impact of stratification
along the sediment thickness is only significant for
high permeability soils. Assuming that permeability
in the boundary layer varies between 20 percent and
100 percent of that in the remaining sediment bed,
Figure 6 shows the little impact the ratio Ko/K3 has
on the exchange for soil with low permeability (for
values of the ratio between 0.5 and 1). For high per-
meability, the flux appears to be linearly dependent
on the ratio K9/K3, which is a reasonable outcome
given that for values of Ky equal to or less than Kj,
the boundary layer acts as a barrier to flow across the
riverbed interface. Varying this ratio with the thick-
ness of the boundary layer (Figure 7), it is concluded

TABLE 2. Parameters Used for the Sensitivity Analysis.

Wave Period (T)

Time (¢)

Sediment Thickness (ko)

Thickness of the Boundary Layer (hg - hg)
Mean Water Depth (k1)

Wavelength ()

Wave Amplitude (E)

Porosity (n)

Water Density (p)

Permeability (K)

Dynamic Viscosity (1)

Constant (c)

10 s

5s

2m

0.2 m (base case)

2m

5m

1m

0.25

1,000 kg/m3

5 x 10-11 m2 (base case)
1x 1011 t0 1 x 10-10 m2
0.001 kg/m s

0.6
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Figure 3. Vertical Velocity Underneath the Water Wave. The first plot is measured at the beginning
of the water wave, the second in the middle, and the third just before the end of the
water wave. Negative values of velocity refer to downward flow.
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used in this sensitivity analysis are listed in Table 2.
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Figure 6. Variation of the Unit Flux Across the Riverbed
Interface With the Ratio of the Boundary Layer’s
Permeability to the Sediment’s Permeability
Ky/Kg as a Function of Three Different
Permeability Values (in m2).
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1

that the exchange across the riverbed interface is
much more influenced by the ratio of soil permeabili-
ties for thin boundary layers. Note that the ratio R =
1 is an asymptotic value, which was approached with
a 0.0001 accuracy. At the other end of the spectrum,
namely for relatively thick boundary layers, the ratio
of soil permeabilities is less significant in regards to
the flux across the riverbed interface. Again, this is
considered reasonable since for thick boundary layers,
the exchange at the riverbed interface is influenced
very little by changes in the permeability of the deep
sediment bed.

Random Walk Simulations. In this section, the
focus will be on the trajectories of solute particles
under the generated transport velocity fields. The
transport of solute particles will be simulated and
their trajectories compared against experimental
studies that visualized the vertical solute transport in
sediment beds.

Figure 8 shows the distribution of solute particles
before and during the simulation. Initially, the solute
is distributed into a horizontal sediment layer located
in the middle of the sediment bed (Figure 8a). With
the random walk simulation, the solute particles are
redistributed in an inverted half arc shape that
extends to the surface of the porous bed (Figure 8b).
This trajectory is very similar to the trajectory record-
ed in an experimental study by Huettel et al. (1996,
Experiment 2), as presented in adapted form in Fig-
ure 9. These two observations confirm that the model
described in this paper could accurately describe the
contaminant transport in the sediment bed and across
the interface for sediments with high permeability
and for relatively a shallow water channel.

CONCLUSIONS

In this paper, an analytical model was presented
where flow in both sediment bed and open channel is
coupled at the interface through a boundary layer
occupying the upper part of the sediment bed. The
advective flow is driven by wave action along the
water surface. The resulting system is solved for the
pressure and flux in each sediment layer and the gen-
erated transport velocity fields are linked to a random
walk particle simulation that is used to examine the
trajectories of solute particles. The results show the
significance of the nonlinear flow for soil with high
permeability and the impact of both the thickness of
the nonlinear domain and the length of the gravity
wave relative to the depth of the water channel on the
transport and exchange across the interface. Also,
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Figure 8. Random Walk Transport Simulation Results With Transport Velocity Fields Obtained From the
Model Presented in This Work: (a) Initial Tracer Condition and (b) Tracer Particles at ¢ = 14.5 sec.

comparison of the simulated trajectories against
experimental tracer tests suggests a pattern very sim-
ilar to the one attributed to the presence of surface

mounds. Further extensions of this model point to the
need to move away from the flat bed assumption and
to include the effects of rippled sediment interface.

Figure 9. Adaptation of the Experimental Results of Huettel et al.

(1996, Experiment 2), Showing the Distribution of Solutes
(thin dark lines) in a Permeable Bed Being Initially Placed

in Two Horizontal Layers (hatched zones). Note that only
the top solute layer has exhibited any noticeable changes.

APPENDIX: CONSTANTS FOR THE ANALYTICAL SOLUTIONS

Pore Pressure

A

_ EO)(ZIQI’L + p(D) [(—TL(12 + 13) - 2Lp0)) cosh khz + I’L(IQ + I3) COSh(k(hz - 2h3))]

(A1)

(iIyn + pw) cosh k(hg — hg)[(il3n + pw) cosh(khg)sinh(khq) +
2k| npw cosh(kh,) sinh(khg)] + sinh k(hy — hg)[npw(ilsn + pw) cosh(kh,)

cosh(khg) + (ilon + pw)? sinh(kh4)sinh(khg)]
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Enow? (iIgn + pw) cosh(khg) sinh k(hg — hg) +
" (eIgn + pw) cosh(k(hy — hg)sinh(khg)

(Ign —ipw) cosh k(hy — hg)[(il3n + pw) cosh(khg) sinh(khy) +
k =| npo cosh(khy)sinh(khg)] + sinh k(hy — hg)[npw(Izn —ipw)

cosh(khq) cosh(khg) +i(Ion — ipu))2 sinh(kh,)sinh(kh3)]

B= (A2)

Epo?(ilyn + po)ilsn + pw) cosh(khs)
(Ign + pw) cosh k(hg — h3)[(@iI3n + pw) cosh(khg) sinh(khq) +
k| npw cosh(khy) sinh(khg)] + sinh k(hy — hg)[npw(ilzn + pw)
cosh(khq) cosh(khg) + (ilgn + pm)2 sinh(kh;)sinh(khg)]

C= (A3)

Epo?(ilyn +pw)? sinh(khg) (Ad)
(ilon + pw) cosh k(hg — hg)[(iIgn + pw) cosh(khg) sinh(khq) +
k| npo cosh(kh) sinh(khg)] + sinh k(hy — hg)[npw(ilzn +pw)
cosh(khq) cosh(khg) + (ilgn + po)? sinh(%h;)sinh(khg)]

D:

Epo?(ilyn +po)ilsn + pw) (A5)
(iIgn + pw) cosh k(hy — h3)[(il3n + pw) cosh(khg) sinh(kh;) +
k| npw cosh(khy)sinh(khg)] + sinh k(hy — hg)[npw(ilgn +pw)
cosh(khq) cosh(khg) + (ilon + poo)2 sinh(khq)sinh(khg)]

J:

fifo sinh[k(hy — by — y)1+ 2f3f, sinh[E(hy + by — )] +
fs sinhlk(hy + hy — 2hg — y)] + f; sinh[k(hy — hy — 2hg — y)] +
fo sinh[k(Ry + ho +2hg — )] + f11 sinh[k(hy — ho +4hg — y)] +
fi3 sinhlk(hy — hg + y)] + fi5 sinh[k(hy + hy + y)] +

fi7 sinhlk(hy + hy — 4hg + Y)] + fig sinh[k(hy — hy — 2R3 + )] +
foo sinhlk(hy + hy — 2hg + )] + foq sinhlE(hy — ho +2hg + y)]

F(y)= (A6)

filon®pwsinh(k(hy — by — y)] - 2f31on>posinhlk(hy + hy — y)] +
fo sinhlk(hy + by — 2hg — y)] + fg sinhlk(hy — hy + 2hg — y)] +

f10 sinh[k(hy + hg +2hg — )] + f1g sinhlk(hy — hy +4hg — y)] + (AT)
f1a sinh[k(hy — g + )] + fig sinhlk(hy + hy + y)] —

fio sinh[k(hy + ho — 4hg + y)| + fig sinh[k(hy — hy — 2hg + )] -
fs sinhlk(hy + by — 2hg + )] + fog sinh[k(hy — he + 2hg + y)]

Fy(y) =

_ (g1sinhlk(hy — hy)l + g5 sinhlk(hy + hy)]l ~ Iy — I)ngs (A8)
L7\ sinhlk(hy + hy — 2h3)1 - (I — I3)ngy sinhlk(hy — hy + 2h)]
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_ 89 smh[k(hl - h2)] +84 smh[k(h1 + h2)] — (12 — 13)ng6 (A9)
27\ sinhlk(hy + by — 2h3)] — (I — I3)ngg sinh[k(hy — hy + 2h)]
2n2p2w2(I3n? + p2w?) coshlkhy]? coshlkhg]? sinh[k(hy — hy)]? +
(I2n2p%0? + np*w*) cosh[khg]? sinh[2kh 1 sinh[2k(hy — hg)] +
2I5n* + 412n2p%0? + 2p*w?) sinh[kh,1? sinh[khg]?
Dy = 2x?| 22 HAlane pro7)sinhlkh, " sinhlkhs] (A10)
sinh[k(hg — hg)1? + (I3 n®p%0? + np*w*)sinh[2kA, 1 sinh[khs]?
sinh[2k(hy — hg)l + 212 n? +p2w?) coshlk(hy — h3)1?
{(I2n? + p%0?) coshlkhg]? sinhlkhy 12 + n2p20? coshlkhy]? sinh[khg]?)
1. 2 . 2 2 2
o sinh(2k(hy —hy)I” sinh(2kh3]2np 0 (Iy(Ty ~ I3)n® +
Doy = 2k2| (IyI3n? +p%w?) cosh 2[(hy — hg )kl sinh[2kh] + IoIn? + p?0?) (A11)
(~I2n* + -1+ n®)p20? + U202 + 1+ n®)p2w?) cosh[2kh, ]}
f1=13n% + 21,132 + I3n? + 4p%w? (A12)
fo =13n? - (“-1+n)p’0? (A13)
f3 =12n? +13n? + 2p%0? (Al14)
f1=I3n% + 1+ n)p2n? (A15)
fs =—Ign* + I213n* — (I3 - I3)n?p%0? - 313n3p%0? + (21,15 + I2)n®p%w? (A16)
_ (—21§’n3pm+212213n3pm+15’n4pw—13212n4p0)— (A17)
21 + Inp3w® - 2, - I5)n?p3w?
fr =—2I3n* + 213120 — 213 - I3)n?p%0? - 212n3p%0? - 212n3p%w? (A18)
fo = —2I3n*po+2I,13n b0 (A19)
fo=-Isn* +1213n* — (I3 - I3)n?p%0? + I3n3p20? - 21,15 — I3)n?p%e? (A20)
2I3n3p0 - 213 I3n3po + Idn*pw — 12 In*pw +
fio = 21 p 2dgnp 2np 3lonp (A21)

215 - I)np3w® + 215 - I;)n*p3w?
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Ign* —2I3In* + 1212n* + (13 + I3)n?p?0® -
fi= 2.2 2 1232 2 2, 3.2 2 (A22)
212[3n prm —12n prm +(21213 —13 )I’L prm
fio =3 = 21215 + I,I3)n*pw (A23)
2I3n* +2I312n* + (615 + 212)n%p2w?® -
BT 2 072,32 2 4 4 (A24)
(215 +2I3)n"p“0” +4(1-n)p o
fia = I3 + 21, I2)npw + 4I,n2%p3 03 (A25)
Ign* +2I315n* + 1212n* + (512 + 21,15 + I3)n?p?0® +
(12 + 21,15 + I2)n®p20? + 41+ n)pte?
fie = (=I5 — 21215 — I,I3)n*pw — 41,n%p% 0> (A27)
16 2 2lg —1Lglg)n"p an-p
In* —2I3I3n* + 1213n* + (I3 - 21,15 + I3)n?p%0? + (A%8)
17 =
(I3 - 21,15 + I$)n?p%w?
fis = —Ign* + I312n* + (—12 + I2)n%p20? — (I3 - 21,15 + I3)n?p%w? (A29)
2I3n3pw - 213 I3n%p0 - (I3n* - 12Iy)n*po + (A30)
19 =
21y - Is)np3w® - 215 - I;)n*p3w®
foo = —2I3n* +2I312n* — (213 - 212)n?p2w? — (213 - 2I2)n%p?w? (A31)
for = —-Ign* + IZ13n* - (12 - 13)n?p%0? + BI3 - 21,15 — I2)n®p%w? (A32)
y —2I§’n3pm+2l2213n3pm—(15’n4 —Iglg)n4pm— (A33)
22 =
21y - I)np3w® + 21, - Is)n%p3w?
I3I3n* + I, 15n%p%0% - (-1+ n)p20?(I2n? + 2p%02) +
17| 5 9 9 9 2 2 (A34)
I5n“(I3n” —(-2+n)p°w”)
89 = npoo(Ig’n2 + 122[3 (-1+n)n? + I3(-1+ n)p20)2 + 1, (1§n3 +(1+ n)p2w2)) (A35)
I3I5n* + I Isn®p%0? + (1+ n)p2e?(I3n? + 2p%0?) +
837 9 9.9 9 2 2 (A36)
I5n“(I5n” +2+n)p“n”)
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g4 =-npo(-I3n® + 131+ n)n® + [3(1+ np*0® + L(I5n? + (-1+ np?e?) (A37)
g5 = n(12213n2 +Ionp2e? + I;(1+ n)p2m2) (A38)
g6 = pu)(122n2 —IIan® +(1+ n)p2m2) (A39)
g7 = n(122[3n2 — Lnp%0? - I3(-1+ n)pzmz) (A40)
gs = p(n(122n2 +IpIan® - (-1+ n)p2m2) (A41)
Discharge Velocities
fifa coshlk(hy — hg — ¥)] + 2f3f4 cosh[k(hy + hg — y)] +
f5 COSh[k(hl + h2 — 2h3 — y)] + f7 COSh[k(hl - h2 + 2h3 - y)] +
Si(y) = fo cosh[k(hq + hg + 2hg — y)] + f11 coshlk(hy — hy +4hg — y)] - (Ad2)
f13 cosh[k(hy — hg + )] — f15 cosh[k(hy + hy + ¥)] —
f17 COSh[k(hl + h2 — 4h3 + y)] - f18 COSh[k(hl - h2 - 2h3 + y)] -
f20 COSh[k(hl + h2 - 2h3 + y)] - f21 COSh[k(hl - h2 + 2h3 + y)]
filan®pw coshlk(hy — hy — y)] - 2f3Ion%pw coshlk(hy + by — y)] +
fe coshlk(hq + hg — 2hg — y)] + fg coshlk(hy — hg +2h3 — )] +
S2 (y) _ fl() COSh[k(hl + h2 + 2h3 — y)] + f12 COSh[k(hl — h2 + 4h3 — y)] - (A43)

ACKNOWLEDGMENTS

The first author thanks Professor Cesar Mendoza for originally
suggesting this subject of study and acknowledges the support of
the Boris A. Bakhmeteff Research Fellowship at Columbia Univer-
sity. The authors acknowledge the thorough and constructive
reviews provided by two anonymous reviewers and the editor’s
office.

LITERATURE CITED

Bagtzoglou, A.C., A.F.B. Tompson, and D.E. Dougherty, 1991. Prob-
abilistic Simulation for Reliable Solute Source Identification in
Heterogeneous Porous Media. Water Resources Engineering
Risk Assessment, NATO ASI Series, Vol. G 29, Springer-Verlag
Berlin Heidelberg, Germany.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

f14 coshlk(hy — hg + ¥)] - f16 coshlk(hy + hg + )] +
f12 COSh[k(hl + h2 - 4h3 + y)] - f]_g COSh[k(hl - h2 - 2h3 + y)] +
f8 COSh[k(hl + h2 - 2h3 + y)] - f22 COSh[k(hl - h2 + 2h3 + y)]

Bagtzoglou, A.C., A.F.B. Tompson, and D.E. Dougherty, 1992. Pro-
jection Functions for Particle-Grid Methods. Numerical Methods
for Partial Differential Equations 8:325-340.

Bencala, K.E., 1983. Simulation of Solute Transport in a Mountain
Pool-and-Riffle Stream With a Kinetic Mass Transfer Model for
Sorption. Water Resour. Res. 19(3):732-738.

Bencala, K.E. and R.A. Walters, 1983. Simulation of Solute Trans-
port in a Mountain Pool-and-Riffle Stream: A Transient Storage
Model. Water Resour. Res.19(3):718-724.

Elliott, A.H. and N.H. Brooks, 1997a. Transfer of Nonsorbing
Solutes to a Streambed With Bed Forms: Theory. Water Resour.
Res. 33(1):123-136.

Elliott, A.H. and N.H. Brooks, 1997b. Transfer of Nonsorbing
Solutes to a Streambed With Bed Forms: Laboratory Experi-
ments. Water Resour. Res. 33(1):137-151.

Gu, Z. and H. Wang, 1991. Gravity Waves Over Porous Bottoms.
Coastal Engineering 15:497-524.

JAWRA



HABEL AND BAGTZOGLOU

Harrison, W.D., D. Musgrave, and W.S. Reeburgh, 1983. A Wave-
Induced Transport Process in Marine Sediments. J. of Geophys.
Res. 88(C12):7617-7622.

Huettel, M., W. Ziebis, and S. Forster, 1996. Flow-Induced Uptake
of Particulate Matter in Permeable Sediments. Limnol.
Oceanogr. 41(2):309-332.

Joseph, D.D., D.A. Nield, and G. Papanicolaou, 1982. Nonlinear
Equation Governing Flow in a Saturated Porous Medium. Water
Resour. Res. 18(4):1049-1052.

Lamb, H., 1932. Hydrodynamics (Sixth Edition). Dover Publication,
New York, New York.

Mendoza, C., 1988. Comment on “Convective Transport Within Sta-
ble River Sediments,” by S.A. Savant, D.D. Reible, and L.dJ.
Thibodeaux. Water Resour. Res. 24(7):1206-1207.

Murray, J.D., 1965. Viscous Damping of Gravity Waves Over a Per-
meable Bed. J. of Geophys. Res. 70(10):2325.

Musgrave, D.L. and W.S. Reeburgh, 1982. Density-Driven Intersti-
tial Water Motion in Sediments. Nature 299(5881):331-334.

Packman, A.I., N.H. Brooks, and J.J. Morgan, 2000a. A Physico-
chemical Model for Colloid Exchange Between a Stream and a
Sand Streambed With Bed Forms. Water Resour. Res. 36(8):
2351-2361.

Packman, A.I., N.H. Brooks, and J.J. Morgan, 2000b. Kaolinite
Exchange Between a Stream and Streambed: Laboratory Exper-
iments and Validation of a Colloid Transport Model. Water
Resour. Res. 36(8):2363-2372.

Riedl, R.J., N. Huang, and R. Machan, 1972. The Subtidal Pump: A
Mechanism of Interstitial Water Exchange by Wave Action. Mar.
Biol. 13(3):210-221.

Runkel, R.L., K.E. Bencala, R.E. Broshears, and S.C. Chapra, 1996.
Reactive Solute Transport in Streams: 1. Development of an
Equilibrium-Based Model. Water Resour. Res. 32(2):409-418.

Savant, A.S., D.O. Reible, and L.J. Thibodeaux, 1987. Convective
Transport Within Stable River Sediments. Water Resour. Res.
23(9):1763-1768.

Shum K.T., 1992. Wave-Induced Advective Transport Below a Rip-
pled Water-Sediment Interface. Water Resour. Res. 97(C1):789-
808.

Tenenbaum, M. and H. Pollard, 1985. Ordinary Differential Equa-
tions. Dover Publications, New York, New York.

JAWRA

476

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



