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1. Introduction

This report summarizes theoretical and computational aspects of the sediment and
sorptive contaminant transport formulations used in the EFDC model. Theoretical and
computational aspects for the basic EFDC hydrodynamic and generic transport model
components are presented in Hamrick (1992). Theoretical and computational aspects of
the EFDC water quality-eutrophication model component are presented in Park et al.
(1995). The paper by Hamrick and Wu (1997) also summarized computational aspects of
the hydrodynamic, generic transport and water quality-eutrophication components of the
EFDC model. The EFDC model has been extensively applied to estuaries (Fredricks and
Hamrick, 1996; Shen and Kuo, 1999; Shen ef al., 1999; Ji et al., 2001), lakes (Jin et al.,
2000; 2002), reservoirs (Hamrick and Mills, 2000), rivers (Ji et al., 2002), and wetlands
(Moustafa and Hamrick, 2000). The model has also been used for a number of
fundamental process studies (Hamrick, 1994; Kuo et al., 1996; Yang et al., 2000).

This report is organized as follows. Chapter 2 summarizes the hydrodynamic and generic
transport formulations used in EFDC. Chapter 3 summarizes the solution of the transport
equation for suspended cohesive and noncohesive sediment. A discussion of near bed
boundary layer processes relevant to sediment transport is presented in Chapter 4.
Sediment bed mass conservation and methods for representation of the bed’s
geomechanical properties are discussed in Chapter 5. Chapters 6 and 7 summarize
noncohesive and cohesive sediment settling, deposition and resuspension process
representations. The final chapter, Chapter 9, documents the EFDC model's sorptive
contaminant transport and fate formulations.
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2. Summary of Hydrodynamic and Generic Transport
Formulations

This section summarizes the hydrodynamic and transport equations used by the EFDC
model. Reference is made to Hamrick (1992), Hamrick and Wu (1997) and Tetra Tech
(2007a) for details of the computational procedure. This section does however describe
modifications to the solution procedure when the model operates in a geomorphologic
mode.

The EFDC model's hydrodynamic component is based on the three-dimensional

hydrostatic equations formulated in curvilinear-orthogonal horizontal coordinates and a
sigma or stretched vertical coordinate. The momentum equations are:

a, (mxmyHu) +7, (myHuu)+ d, (m Hvu)+0, (mxmywu) — fom.m Hy

=-m,HJ, (P+ Py +0)+ m, (&Xzz + zo"XH)&Zp +d. (mxmy %&zuj

(2.1)
+d, {ﬁ HAHé?Xuj +0, ( ™ HAHé?yu] -mmc,D, (u2 +v° )1/2 u
m, m,
a, (mxmva) +d, (myHuv) +d, (m Hw)+0, (mxmywv) + f,m.m Hu
=-mHJ, (p+ Dy, +0)+m, (8yzb + zo"yH)&Zp +d. (mxmy E"&Zvj 2.2)
+d, {ﬁ HA, vaj +0, ( ™ HA, 8),\/] -mmc,D, (u2 +v° )1/2 v
m, m,
mm f,=mm f—ud m +vd m (2.3)
(sz ,’Z'yz)zAvH_lﬁZ (u,v) (2.4)

where u and v are the horizontal velocity components in the dimensionless curvilinear-
orthogonal horizontal coordinates x and y, respectively. The scale factors of the
horizontal coordinates are m, and m,. The vertical velocity in the stretched vertical
coordinate z is w. The physical vertical coordinates of the free surface and bottom bed
are z; and z, respectively. The total water column depth is H, and ¢ is the free surface
potential which is equal to gz,. The effective Coriolis acceleration f, incorporates the
curvature acceleration terms, with the Coriolis parameter, f, according to (2.3). The Q
terms in (2.1) and (2.2) represents optional horizontal momentum diffusion terms. The
vertical turbulent viscosity A, relates the shear stresses to the vertical shear of the
horizontal velocity components by (4.4). The kinematic atmospheric pressure, referenced
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to water density, is pum, While the excess hydrostatic pressure in the water column is
given by:

d.p=-gHb=—gH(p-p,)p,' (2.5)

o

where p and p, are the actual and reference water densities and b is the buoyancy. The
horizontal turbulent stress on the last lines of (2.1) and (2.2), with Ay being the horizontal
turbulent viscosity, are typically retained when the advective acceleration are represented
by central differences. The last terms in (2.1) and (2.2) represent vegetation resistance
where ¢, is a resistance coefficient and D, is the dimensionless projected vegetation area
normal to the flow per unit horizontal area.

The three-dimensional continuity equation in the stretched vertical and curvilinear-
orthogonal horizontal coordinate system is:

ad, (mxmyH)+ a, (myHu) + §y (m Hv)+d. (mxmyw) =0, +0(0)(Qy + Q4 ) (2.6)

with Qg representing volume sources and sinks including rainfall, evaporation, and lateral
inflows and outflows having negligible momentum fluxes. The terms Qgs and Qs are
the net volumetric fluxes of sediment and water between the bed and water column,
defined as positive from the bed to the water column, when the model operates in a
geomorphologic mode. The delta function, &0) indicates these fluxes enter the bottom
layer of the water column. Integration of (2.6) over the depth gives

at (mxm)’H) + ax (m)’Hﬁ) + ay (mva) = QH + QSS + QSW (27)

In the geomorphologic mode, the water column continuity equation is coupled to a bulk
volume conservation equation for the sediment bed.

O_)t (mxmyB) = QGW - QSS _QSW 2.8)

where B is the total thickness of the resolved sediment bed and Qgw is the volumetric
ambient groundwater inflow at the bottom of the sediment bed. The bed surface
elevation is defined by

n=B+z, 2.9)

Where z,;, is the time invariant elevation at the bottom of the sediment bed. Using (2.9),
equation (2.8) can be written as

3, (mmn) =gy — Oy — Oy (2.10)

Adding (2.7) and (2.10) gives
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9, (mm,)+0, (m Hit)+3, (mHv) =0, + 0y @.11)

where the water surface elevation, ¢, is defined by

The EFDC model solves the external mode continuity equation (2.11) using a two-step
procedure. The first step corresponding to the standard implicit external mode
hydrodynamic solution is

* n @ ntl 6 n
(mm,&) = (mm&) +59x(myHﬁ) 1+50"x(myHﬁ) (2.13)

+§ay (. Hv )" +§ay (m HV)' = 60"

where @is the time step between n and n+ 1. The intermediate time level notation, n+1/2,
denotes an average between the two time levels. The second step is taken after the bed
volumetric continuity equation is updated to time level n+1 and is

(mm &)™ ~(mm &) =605 (2.14)

Combining (2.13) and (2.14) gives the equivalent full step.

n+ n (2] n+ (2] n
(mxmy;) 1_(mxmy§) +50_)X(myHI’7) 1+50_)x (myHI’_t) (2.15)

+§§y (mxHV)nH +§&y (mXHv)ﬂ — 0@;}4—1/2 +0Qg+1/2

The water column depth is then updated by
Hn+1 — é/n+1 _nn+l (216)
prior to the next hydrodynamic time step.

The EFDC model includes the ability to simulate drying and wetting of shallow areas.
Drying and wetting is iteratively determined during the implicit solution of equation
(2.13) after the time discrete depth average horizontal momentum equations have been
inserted to form an elliptic equation for the water surface elevation. The solution
procedure is as follows. A preliminary solution for the water surface elevation is
determined by solving (2.13) with all horizontal grid interior horizontal cell faces open.
The resulting cell center water depth in each cell is then compared to a small dry depth
Hyry. If the depth is greater than the dry depth, the cell is defined as wet. If the depth is
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less than the dry depth and less than the depth at the previous time step, the cell is defined
as wet and its four flow faces are blocked. If the depth is less than the dry depth, but
greater than the depth at the previous time step, the direction of flow on each cell face is
checked and faces having outflow are block. Following this checking and blocking,
(2.13) is solved again, followed by the same checking procedure. This iteration is
repeated until wet or dry status of each cell does not change from that of the subsequent
iteration. Typically two or three iterations are required. This implementation of drying
and wetting is fully mass conservative and does not produce negative water column
depths.

The generic transport equation for a dissolved or suspended material having a mass per
unit volume concentration C, is

d,(mm HC)+3, (m HuC)+3, (m HvC)+3_ (mm wC)-3_ (mmw,C)

x"y se

(2.17)

my

=d, (ﬂ HKHBXCJ+ d, (mx HKHB),VJ +d, (mxmy I:IV BZC)+ Q0.
m

X

where Ky and Ky are the vertical and horizontal turbulent diffusion coefficients,
respectively, wy. is a positive settling velocity went C represents a suspended material,
and Q. represents external sources and sinks and reactive internal sources and sinks.

The solution of the momentum equations, (2.1) and (2.2) and the transport equation
(2.17), requires the specification of the vertical turbulent viscosity, Ay, and diffusivity,
K,. To provide the vertical turbulent viscosity and diffusivity, the second moment
turbulence closure model developed by Mellor and Yamada (1982) (MY) and modified
by Galperin et al. (1988) and Blumberg et al. (1988) is used. The MY model relates the
vertical turbulent viscosity and diffusivity to the turbulent intensity, ¢, a turbulent length
scale, /, and a turbulent intensity and length scaled based Richardson number, R,, by:

Av :¢AAoql
, (1+R'R,)
A= _ _
(1+R21Rq)(1+R31Rq)
A=afi-5- A )
Bl Bl
‘A (2.18)
(32—3A2)( —BIJ—SCI(BZ+6A1)
Rl—l :3A2 1
(1—301—6A1j
Bl
R;'=9AA,

R;'=3A,(6A +B,(1-C,))

10
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K, =¢:K gl
Py =m (2.19)
o
r __ 8HID o (2.20)
: £ H

where the so-called stability functions, ¢ and ¢k, account for reduced and enhanced
vertical mixing or transport in stable and unstable vertically density stratified
environments, respectively. Mellor and Yamada (1982) specify the constants A;, B;, Cj,
Az, and B; as 0.92, 16.6, 0.08, 0.74, and 10.1, respectively.

The turbulent intensity and the turbulent length scale are determined by the transport
equations:

7 (mxmqu2 ) +d, (myHuq2 ) +d, (mvaq2 ) +d, (mxmyqu )

=d | mm i& g’ |-2mm Hy' 2.21)
z x yH b4 x'y Bll

+2mxmy (%((&Zu)z +(§zv)2)+anpr (uz +v? )3/2 N gKVQij+Qq
ad, (mxmquzl) +d, (myHuqzl)+ a, (mvaqzl)+ a, (mxmyqul)

A ) ’ ’ (2.22)
=d. mxm,—"lﬁz(qzl) -mm E, Ll 1+E, L +E, L
" H "7 IB KHz kH(1-z)

3/2

+mxm)’l(E1 %((azu)2 +(azv)2)+E3gKV81b+ Elnﬁchp (M2 * Vz) j+QZ

where (E;, E», E3 E4 Es) = (1.8, 1.0,1.8,1.33, 0.25). The second term on the last line of
each equation represents net turbulent energy production by vegetation drag where 77, is a
production efficiency factor having a value less than one. The terms Q, and Q; may
represent additional source-sink terms such as subgrid scale horizontal turbulent
diffusion. The vertical diffusivity, Ay, is set to 0.2gl following Mellor and Yamada
(1982). For stable stratification, Galperin et al. (1988) suggest limiting the length scale
such that the square root of R, is less than 0.52. When horizontal turbulent viscosity and
diffusivity are included in the momentum and transport equations, they are determined
independently using Smagorinsky's (1963) subgrid scale closure formulation.

11
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Vertical boundary conditions for the solution of the momentum equations are based on
the specification of the kinematic shear stresses, equation (2.4), at the bed and the free
surface. At the free surface, the x and y components of the stress are specified by the
water surface wind stress

T..T.)=(T,.T, )=c U +V}(U,.V, (2.23)
Z ¥z 'y ( )

where U,, and V,, are the x and y components of the wind velocity at 10 meters above the
water surface. The wind stress coefficient is given by:

¢ = 0.001%(0.8+0.065W ) (2.24)

for the wind velocity components in meters per second, with p, and p,, denoting air and
water densities, respectively. At the bed, the stress components are related to the near
bed or bottom layer velocity components by the quadratic resistance formulation

(T..T,)=(T,.T, ) = e, i +7 (1) (2.25)

where the / subscript denotes bottom layer values. Under the assumption that the near
bottom velocity profile is logarithmic at any instant of time, the bottom stress coefficient
is given by

¢, = (Lj (2.26)
In(A, /2z,)

where K is the von Karman constant, A; is the dimensionless thickness of the bottom
layer, and z,=z, /H is the dimensionless roughness height. Vertical boundary conditions
for the turbulent kinetic energy and length scale equations are:

¢ =B"|t, =1 (2.27)
¢* =B" |Tb| . 7=0 (2.28)
=0 : z=0,1 (2.29)

where the absolute values indicate the magnitude of the enclosed vector quantity.
Equation (2.28) can become inappropriate under a number of conditions associated with
either or both high near bottom sediment concentrations and high frequency surface wave
activity. The quantification of sediment and wave effects on the bottom stress is
discussed in Chapter 4.

12
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3. Solution of the Sediment Transport Equation

This section describes the solution of the transport equations for suspended sediment.
The general procedure follows that for the salinity transport equation, which uses a high
order upwind difference solution scheme for the advective terms, described in Hamrick
(1992) and Tetra Tech (2007a). Although the advection scheme is designed to minimize
numerical diffusion, a small amount of horizontal diffusion remains inherent in the
scheme. Due the small inherent numerical diffusion, the physical horizontal diffusion
terms in (2.17) are omitted as to give:

a, (mxmy[-]sj ) +d, (myHqu ) +d, (mvaSj ) +d, (mxmyij) 3.1)

_az (mxmyw S ) = 8z (mxm)’ %azslj + Q§ + QSII

A

where §; represents the concentration of the jth sediment class and the source-sink term
has been split into an external part, which would include point and nonpoint source loads,
and internal part which could include reactive decay of organic sediments or the
exchange of mass between sediment classes if floc formation and destruction were
simulated. Vertical boundary conditions for (3.1) are:

K
_FVBZSJ - Wst.i = ‘Ijv 1z=0 (3.2)

K
—FV&’ZSj—w‘Yijzo:z=1

where Jj, is the net water column-bed exchange flux defined as positive into the water
column.

The numerical solution of (3.1) utilizes a fractional step procedure. The first step
advances the concentration due to advection and external sources and sinks having
corresponding volume fluxes by

H™S =H"S"+——
m.m,

(05) (3.3)

_L(Bx (my (Hu)"'" 8" ) +d, (mx (Hv)"" s ) +d,_ (m,m w"s" ))

mm,

where n and n+/ denote the old and new time levels and * denotes the intermediate
fractional step results. The portion of the source and sink term, associated with
volumetric sources and sinks is included in the advective step for consistency with the
continuity constraint. This source-sink term, as well as the advective field (u,v,w), is
defined as intermediate in time between the old and new time levels consistent with the

13
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temporal discretization of the continuity equation. Note that the sediment class subscripts
have been dropped for clarity. The advection step uses the anti-diffusive MPDATA
scheme (Smolarkiewicz and Clark, 1986) with optional flux corrected transport
(Smolarkiewicz and Grabowski, 1990).

The second fractional step or settling step is given by

kK * kek 3-4’
S"=8"+——=3 (w,sS") G5
which is solved by a fully implicit upwind difference scheme
Skc :Skc _—(WYS )kc

AZHIH—I

w_ o, O 6
S, :S,(+A1Hn+1 (w,S )k+1_AZH”“ (ws™) = 2<k<ke-1

oo 0 -
Sl :SI+W(WJS )2

marching downward from the top layer. The implicit solution includes an optional anti-
diffusion correction across internal water column layer interfaces.

The third fractional step accounts for water column-bed exchange by resuspension and
deposition

Where L, is a flux limiter such that only the current top layer of the bed can be
completely resuspended in single time step. The representation of the water column bed
exchange by a distinct fractional step is equivalent to a splitting of the bottom boundary
condition (3.2) such that the bed flux is imposed intermediate between settling and
vertical diffusion. For resuspension and deposition of suspended noncohesive sediment,
the bed flux is given by

J =V“f(ﬂseq—sl) (3.7)

o

which will be further discussed in Chapters 4 and 6. Inserting (3.7) into (3.6) gives

1+ iji =St UM:T S,
AH"v AH"Yy" ™

14
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For cohesive sediment resuspension, the bed flux is specified as a function of the bed
stress and bed geomechanical properties. For cohesive sediment deposition, the bed flux
is typically given by

1

where P, is a probability of deposition which will be further discussed in Chapter 7.
Inserting (3.9) into (3.6) gives

(1+AIL-II"LJSI =S,

The remaining step is an implicit vertical turbulent diffusion step corresponding

} K\ (3.11)
S =8""+60. (H—Vj a.8"!

2

with zero diffusive fluxes at the bed and water surface.

15
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4. Hydrodynamic and Sediment Boundary Layers

Both two-dimensional and three-dimensional applications of the EFDC model require
parameterization of near bed boundary layer processes. In the absences of high
frequency surface gravity waves and when sediment transport is not being simulated, this
parameterization is made through the bottom friction coefficient, (2.26) and the bottom
turbulence intensity boundary conditions (2.28). The presence of high frequency surface
gravity waves and near bed gradients of suspended sediment requires additional
parameterization since the sediment and wave boundary layers cannot be directly
resolved by typical vertical grid resolution.  Approximate parameterizations of
hydrodynamic and sediment boundary layer appropriate for representing the bottom
stress and the water column-bed exchange of sediment under conditions including
ambient flow, high frequency surface waves and high near bed suspended sediment
gradients can be derived form simplified forms of the momentum and sediment transport
equations and the turbulent kinetic energy equation.

4.1 Boundary Layer Equations
First consider the horizontally homogeneous momentum equation written in vector form

du=-Y(p+gl)+H"d_ (Ad.u) 4.1)

t

The horizontal velocity, pressure and water surface elevation can be decomposed into
components associated with the current or mean flow and the high frequency surface
gravity wave motion

u=u_+u,
p=p 4.2)
{={.+¢,

where the current pressure in excess of hydrostatic pressure has been set to zero.
Assuming the current is steady with respect to the time scale of the wave motion and
inserting (4.2) into (4.1) gives

o, =-Vp, — gV (L, + ¢ )+ H'D. (AD. (u, +u,)) )

On non-geophysical scales where the bottom current boundary layers does not exhibit
Ekman effects, equation (4.3) can be vectorially split into components aligned with the
wave and current directions

16
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A
afuw+V»V(Pw+g§v)—az(?az”wj 4.4)

+cos(y, —y,) (gVC{C -0, (%azucD =0

cos(y, —%)(a,uw +V, (p,+g¢,)-0, (%MD

A,
+(gVC§C -9, (H—‘Zaucjj =0

where ¥, and ¥, are the directions of the current and wave propagation, respectively, and
for simplicity in notation u,, and u. are the wave and current velocities in these two
directions. Subtracting the wave period average of (4.4) from (4.4) gives an equation for
the wave motion

4.5)

atul‘/ +VW (pW + ggw)_az (%azuw _<%azul‘/>j

(4.6)
—cos(y.—y,)9. {(AV_—WMJ =0
H
Averaging (4.5) over the wave period gives an equation for the mean current
: A
gvV.L. o, (%—)%ucj—cos (v.—v.)9, (< e 3zuw>j =0 4.7)

Wave-current boundary layer models formulated for use with numerical circulation
models typically neglect variations in the vertical turbulent viscosity at the wave time
scale (Styles and Glenn, 2000) allowing (4.6) and (4.7) to be reduced to

.8
atuw+Vw(pw+gé’w)—az(%azuwj=0 4.8)

4.9
gvcé’c—az(%azucjzo (4.9)

Above the wave boundary layer, the wave velocity field is inviscid and (4.8) reduces to

17
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which is subtracted from (4.8) to give the wave boundary layer equation

4.11
o, . 0 | =0 1
The boundary conditions for (4.11) are
AV
0t =T 4.12)
or
u,=0
As z goes to the roughness height z,, and
. —u_ (4.13)

as z becomes large.

Integrating of (4.9) over the bottom hydrodynamic model layer and subtracting the results
from (4.9) gives the current boundary layer equation

- 4.14
av(Av avucj:(fcl ch) ( )
< H < A

1

where the ¢/ and cb subscripts denote the shear stresses at the top and bottom of the
bottom grid layer. Integration of (4.14) gives

, z (4.15)
%azuc = ch + (Tcl _ch )A_l

where 4; is the dimensionless thickness of the bottom grid layer. For small z near the
bed, (4.15) is approximated as a constant stress layer

(4.16)

c

A
—ou =1,
[T

The boundary condition for (4.16) is

4 =0 (4.17)

c

as z goes to the roughness height z,. In the bottom hydrodynamic layer the integral
condition

18
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A (4.17)
Iucdz =Au,

0
is imposed where u; is the current velocity in the bottom grid layer.

The sediment boundary layer equation can be derived form the horizontally
homogeneous approximation to the sediment transport equation (3.1).

4.18
2, (HS)- 8(wS+ asj (*-18)
H
Integrating (4.18) over the bottom hydrodynamic layer gives
_ 4.19
0, (15,) =22 -

1

where §; is the bottom layer sediment concentration and Jg and J;; are the sediment
fluxes at the bed and the top of the bottom grid layer. Subtracting (4.19) from (4.18)
gives

_ 420
9. (HS - HS,)~d (WS+ asj Ju=ty (%20
H A,

Assuming that the temporal derivative in (4.20) is small and can be neglected, (4.20) is
integrated to give

K 4.21
_WYS_FVBZS :J‘vh—i_(‘]sl_‘]sb)Ai ( )

1

For small z near the bed, (4.21) is approximated as a constant flux layer

(4.21x)

—W, S——a S=J, -=

H A,
4.22
ws-Bvgyg-y, (4.22)

H
The bottom boundary condition for (4.22) is

(4.23)

S=8

r

19
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as z goes to the dimensionless sediment reference height z,, which can be the roughness
height. In the bottom hydrodynamic layer the integral condition

5 (4.24)
[sdz=as,
0

is imposed.

The near bed wave, current and sediment boundary layer equations (4.11, 4.16, and 4.22)
require specification of the near bed forms of the vertical turbulent viscosity and
diffusion coefficients. Near the bed, the turbulent kinetic energy equation (2.21) can be

approximated by its equilibrium form

(4.25)

LB ((0.u) +(2.0)')+ g 200

B

where the vegetation term has been dropped since the horizontal velocity components
approach zero. Introducing the definitions of A, and K, given by (2.18) and (2.19) and
solving for the turbulent intensity gives

2 (4.26)
PE :(L@J( ! j((o'?zu)2 +(82v)2)

1+BK, 4R, || H*

Equation (4.25) can be also be written in terms of the shear stresses after multiplying by
A,, inserting the definitions of A, and K, given by (2.18) and (2.19), and using (2.20), to
give

172 4.27)
B -1/2 1/2
7 :(A ! j (1+BK,¢R,) (72 +72)
o7 A
When (4.27) is evaluated at the bed, the results
(4.28)

1/2
B -
(]Z :(A ;Aj (1+B1K0¢KR<1) - (szx +T1’2y )1/2

[

is equivalent to (2.28) under neutral conditions where R, is equal to zero. High near bed
sediment concentrations and associated vertical gradients can result in nonzero values of
R, immediately above the bed.

The buoyancy gradient near the bed is primarily due to gradients in suspended sediment
concentration with the effect of sediment on density given by
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S S (4.29)
g ZI:({ p‘v}pw {ps/‘]p‘vJ

where §; is the mass concentration of sediment class j per unit volume of the water-
sediment mixture.

The buoyancy is expressed in terms of the sediment concentration
using
P=P, Py~ Py ] 5
b= = —~Ll=)a.s, (4.30)
Iow ;( pw pxj ; m

which can be used to evaluate the buoyancy gradients.

When high frequency surface waves are present, the velocity components in (4.25) and
(4.26) and the shear stress components in (4.26) and (4.27) can be decomposed into

U=u.Cosy, ‘u, cosy,

(4.31)
v=u,siny, +u, siny,

T.,=T, cosy +T, cosy,

(4.32)
T, =T, siny +7T siny,

where u. and u,, are the current and wave velocities and 7. and 7, are the current and
wave shear stress magnitudes, each aligned with the current and wave directions denoted
by ¥. and ;. Using (4.32) and (4.32), the shear and bed stress terms can be written as

((az“)2 +(aZV)2) = (azuc)Z +(azuw)2 +2cos(y, -, )0.ud.u (4.33)

zcC w

(sz +77 ) =72 +72 +2cos (¥, — v, )T.7T,. (4.34)

Assuming the wave velocity and shear stress to be periodic

) (4.35)
T,.=1,, sin(or)
v, =v,,sen(sin(@r))

the wave period averages of (4.31) and (4.32) are

(@) +(0.,) ) =(9.0,)° +%(azum Vo Lcos(y, v )oudu,, (4.36)
T

21



EFDC Sediment and Contaminant Theory and Computation

zZm

(4.37)

Analytical solutions of the wave, current and sediment boundary layer equations (4.11,
4.16, and 4.22), as exemplified most recently by Styles and Glenn (2000), typically
assume tractable forms of the vertical turbulent viscosity and diffusivity inside the wave-
current and the current boundary layers. The following sections discuss boundary layer
parameterization for neutral and stratified boundary layers in absences and presences of

waves.

4.2 Neutral Current and Sediment Boundary Layers

For neutral conditions, the turbulent intensity (4.27) and the vertical turbulent exchange

coefficients (2.18) and (2.19) can be written as
=B (e er)”

"=Aql=(7.+7. )”4 I

n K()
K =K,ql=— (22 +22)"1

o

(4.38)

(4.39)

(4.40)

For three-dimensional, multiple vertical layer applications equation (4.16) becomes

[
—ad.u, =T,
H z7c cb
Letting I/H = kz, and using (4.17) gives the logarithmic profile

N (i}

K Z

u =

c
o

Applying the integral condition (4.17) over the bottom layer gives

Ty =6y |”1 | U,

Cc, = —K 2
" {In(A, /2z,)

For two-dimensional depth average applications (4.15) becomes

(4.41)

(4.42)

(4.43)
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éazuc = Jo Tz (4.44)

For consistency with the subsequent solution of the sediment boundary layer equation,
the length scale is chosen as

L_ Kz (4.45)
H 1-z

With the solution of (4.44) becoming

”C:jzg(m{jq—(z—aj] (4.46)

K Z

Applying the integral constraint (4.14) to (4.46) gives

Ty =06y |”‘1|u1

.= k) (4.47)
" {In(1/2z,)

For three-dimensional multiple layer, applications, the sediment boundary layer equation
(4.22) can be written as

4.48
29.8+85=—" (4.48)
R 5
where
R= A w, (4.49)
KU K ch
is the Rouse parameter. The solution of (4.48) is
4.50
S = _ﬁ +£R ( )
w, oz
For noncohesive sediment, the constant of integration is evaluated using
§=S, : z=z, and J,=0 (4.51)

that sets the near bed sediment concentration to an equilibrium value, S,,, defined just
above the bed under no net flux condition. Using (4.51), equation (4.50) becomes
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K (4.52)
Z, J,
S = (_‘ij Seq —sb

Z w,

N

For non-equilibrium conditions, the net flux is given by evaluating (4.52) at the
equilibrium level

J,=w,(S,-S.) (4.53)

where S, is the actual concentration at the reference equilibrium level. Equation (4.53)
indicates that when the near bed sediment concentration is less than the equilibrium value
a net flux from the bed into the water column occurs. Likewise when the concentration
exceeds equilibrium, a net flux to the bed occurs. For the relationship (4.53) to be useful
in a numerical model, the bed flux must be expressed in terms of the model layer mean
concentration. For a three-dimensional application, (4.53) and the constraint (4.24) give

J,=w,(S..—S) (4.54)
where
-1
eqe :Mseq Rzl
(az,,-1) (4.55)
((Az;ql )l_R —1)
= S ‘R#1

SIS

defines an effective bottom layer mean equilibrium concentration in terms of the near bed
equilibrium concentration. The corresponding quantities in the numerical solution
bottom boundary condition (3.7) are

WS =wsS (4.56)

s™ ege

W, =w,

If the dimensionless equilibrium elevation, z., exceeds the dimensionless layer thickness,
(4.54) and (4.55) can be modified to

J,=w,(S,.-5) (4.57)

eqe
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_ In(mMag))
= —_1 Seq . R = 1

(Maz) -1) (4.58)

(M) -1)

“(1-R)(MAz -1)

eqe

S, R#1

where the over bars in (4.57) and (4.58) implying an average of the first M grid layers
above the bed. When multiple sediment size classes are simulated, the equilibrium
concentration, S, in (4.55) and (4.58) are reduced from their uniform values by
multiplying by the sediment class volume fractions at the bed surface.

For cohesive sediment resuspension, the flux is presumed known, and the constant of
integration in (4.48) is determined by the integral constraint with the resulting sediment
concentration distribution being

1-R)(A, -
s=—ta  UZR)A I_ZR’)(S#QJ . R#1
woo (A -2)

s (4.59)
A —
S=—ﬁ+—( =2) SI+J”’ : R=1
w, zln (Alzr"l ) w,
For cohesive sediment deposition, the bed flux is given by
J,=—PwsS, (4.60)

where P, is the probability of deposition. Evaluating (4.59) at the reference level,
inserting into (4.60) and solving, gives the deposition flux in terms of the bottom layer
concentration

Jsb:_(l_},d +Pd(1—R)<A1—z,>J1((1—R>(A1—z,)%w551 .

R 1-R 1-R R 1-R 1-R
7 (A7 -27) g (A7 -2)

r r

-1
P, (A - A -

Jjb:_ I—Pd+ d 1 Zrl) ( 1 Zr)l PdeSS1 - R=1
Z ln(Alzr_ ) Z, ln(Alzr_ )

(4.61)

r

The sediment concentration profile under depositional conditions is also give by (4.59)
using the flux from (4.61).

For depth average applications, the sediment boundary layer equation (4.21) can be
written as
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o (4.59)
22 1y ses=—Tuq_y)
R «H W,

A closed form solution is possible by choosing

1 Kz (4.60)
H -z
with (4.59) becoming
4.61
¢S+55:—1&£Uez) (+61)
Z w, Z
The solution of (4.61) is
Rz \J, C (4.62)
S=—|1- —+—
(1+R) Jw, =z

Evaluating the constant of integration using (4.51) gives

R (4.63)
Al
z ) (I+R) ) w,

For non-equilibrium conditions, the net flux is given by evaluating (4.63) at the

equilibrium level
1+R (4.64)
Jsb = Ws & (Seq _S”e)
1+R(1-z,)

where S, is the actual concentration at the reference equilibrium level. Since z.q is on
the order of the sediment grain diameter divided by the depth of the water column, (4.64)
is essentially equivalent to (4.54). To obtain an expression for the bed flux in terms of
the depth average sediment concentration, equation (4.63) is integrated over the depth to

give
(4.65)
Jsbzws[ 2(1+R) }(ie_g)
2+R(l1-z,) |

where
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“(a-1) (4.66)

When multiple sediment size classes are simulated, the equilibrium concentration, S, in
(4.66) is reduced from its uniform value by multiplying by the sediment class volume
fractions at the bed surface. The corresponding quantities in the numerical solution
bottom boundary condition (3.7) are

2(1+R) |-
WI‘SY :WS -~ (. \ eqge
2+R(1-z,) (4.67)

| 2(1+R)
Wa _(2+R(1—zeq)}w‘v

For cohesive sediment resuspension, the flux is presumed known, and the constant of
integration in (4.62) is determined by the integral constraint with the resulting sediment

concentration distribution being
| Rz J, (4.68)
=1 —
Z (1 + R) w,

S:&1_R(A1+z,)]((Al—zr)(1_R)

2(1+R)

(
+[(A1—z,> 1-R) 5

For cohesive sediment deposition, the bed flux is given by
J,=—PwsS, (4.69)

where P, is the probability of deposition. The depositional flux can be determined by
evaluating (4.68) at the reference level, inserting the results into (4.69), and solving for
the flux. The sediment concentration profile under depositional conditions is also give by
(4.68) using the depositional flux.
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4.3 Stratified Current and Sediment Boundary Layers

Analytical solutions for stratified current and sediment boundary layers are difficult to
obtain unless tractable expressions are assumed for the near bed distribution of the
vertical turbulent viscosity and diffusion coefficients. An alternative is a numerical
solution of the boundary layer equations using a sub-grid embedded in the bottom
hydrodynamic grid layer. The distribution of the vertical turbulent viscosity and
diffusion coefficients is presumed known form the sub-grid layer solution at the previous
time step using (4.26) or (4.27) to determine the turbulent intensity. The sub-grid layer
solution proceeds by writing equation (4.16) in finite difference form as

k+l _ k
uc - uc + ch (

SH j" (4.70)

where k denotes the sub-grid layer and

5 (A-z) (4.71)
Tk

N

is the thickness of the sub-grid layers with k; being the number of sub-grid layers
embedded in the bottom grid layer. The integral constraint (4.17) becomes

4.72)

where u,; is the current velocity in the bottom grid layer. Solving the recursion (4.70)
and substituting into (4.72) gives

k. k (4.73)
uc1 +ki(2(k5 —k)(ajflj }Td, =u,

N v

The velocity profile in the bottom half of the near bed sub-grid layer is assumed to be
logarithmic

c

(4.74)
1 @ln (ij

u:
K 2

Inserting (4.74) into (4.73) gives
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) k ) 4.75)
1 1 £ §SH 1 55 1
u! 1+k—s{zll(k5—k){ A j }(;m(zn u'l |=u,

which can be solved iteratively for the current velocity in the bottom sub-grid layer when
the distribution of the turbulent viscosity at the sub-grid interfaces is known. The
recursion (4.70) can then be solved for the velocity in the remaining sub-grid layers.

The finite difference form of the sediment boundary layer equation (4.22) is

f k (4.76)
({ K, j —(1—/1)wf}Sk—[( K, j +/7uwaSk+l =J
§SH 5XH

where Aequals 1 for upwind settling and 0.5 for central difference settling. The
constraint equation is

4.77)
St =kS,

M"‘»

k=1

For noncohesive sediment transport, the sub-grid near bottom sediment concentration S’
is specified as a function of the bed stress and the bed composition. The sediment flux
and primary bottom grid layer concentration, §;, must then be determined. This is
accomplished by introducing a dimensionless sediment variable

. wS* (4.78)

Into (4.76) to give

(4.79)

where

0, W (4.80)
k
K w
= v —(1-2)—=
4 (w;aﬁ] (1-2)5

Since S is known, the first equation becomes
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By =7y -1 80

and (4.78) now represents a closed system of k.- equations. The of solution of (4.79)
can be written as

=+ (4.82)
which is the sum of the solutions of the two simpler linear systems
B =y 489
Byt =-1 (4.84)
St =yt -1 0 k=2
The solution of (4.83) can be written as
(4.85)

~k+l _ . 7/_k 1 k+1,,1
g =T 5 v =0y
i B

while (4.80) is solved numerically. The dimensionless form of the constraint (4.77) is

1 & . (4.86)
%_hZW
and can be written as
v :,uy/l—v (4.87)
1

where

s k=1 (4.88)

(4.89)
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Reverting to the original variables gives the bed flux

! (4.90)
Jg :%(ﬂsl _Sl)

where 4S’ can be interpreted as the equilibrium sediment concentration for the bottom
layer of the primary vertical grid. The flux relationship (4.90) is used to determine the
sediment concentration, S; in the bottom grid layer, using

491
Sl = Sl()ld +—A9 be ( )

1

where @ is the time step for integration of the primary grid equations. The flux is then
evaluated and used to determine the vertical sediment concentration distribution in the
sub-grid layers using

~

(4.92)

St=0'S'+yt =L k=2

-]

“

which follows from (4.76), (4.82), and (4.85). The sediment concentration is used to
determine the buoyancy distribution in the sub-grid layers.

For cohesive sediment resuspension, the bed flux is known as a function of the bed stress
and geomechanical bed properties. The sediment concentration in the bottom grid layer,
S;, can be determined using (4.91). The k-1 equations (4.76) supplemented by (4.77)
then form a tri-diagonal system linear system, with a zero lower diagonal, supplemented
by a full last row. The system is readily solved using the Sherman-Morrison formula
(Press et al., 1992) for the vertical distribution of sediment in the boundary layer sub-
grid. For cohesive sediment deposition, the bed flux can be represented by

Jspa ==F,w,S" (*93)

where P, is the probability of deposition which depends on the bed stress and a critical
depositional stress. Inserting (4.93) into (4.76) gives a system of k-1 equations which
must be supplement the equation formed by introducing (4.93) and (4.91) into (4.74) or

k, (4. 94)
D 8" +k, %PL,W;SI =k S™

k=1 b

The resulting system of linear equations is of tri-diagonal form, with a zero a zero lower
diagonal, supplemented by a full first column and a full last row. The system is readily
solved using the Sherman-Morrison formula (Press et al., 1992) for the vertical
distribution of sediment in the boundary layer sub-grid.
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4.4 Neutral Wave, Current, and Sediment Boundary Layers

Analytical solutions of the wave, current and sediment boundary layer equations (4.11,
4.16, and 4.22), as exemplified most recently by Styles and Glenn (2000), typically
assume tractable forms of the vertical turbulent viscosity and diffusivity inside the wave-
current and the current boundary layers. Closed form solutions, using special
mathematical functions, are possible for the neutral case where the sediment
concentrations are low enough to assume that the buoyancy is zero. An alternate
approach is to extend the numerical sub-grid approach of the previous section to include a
numerical solution for the wave boundary layer with the resulting formulation being
applicable to both neutral and sediment stratified conditions. The sub-grid formulation
for the wave boundary layer, which is applicable to both neutral and sediment stratified
conditions will be presented in the following section, while this section presents a semi-
analytical solution appropriate for neutral conditions.

For both the semi-analytical and sub-grid solution of the wave, current and sediment
boundary layers, the turbulent viscosity and diffusion coefficients are assumed to be time
invariant with (2.18) and (2.19) written in terms of the root mean square turbulent

intensity
A :¢AA0\/@1 (4.95)
K =0k 450

Equations (4.26) and (4.36) used to determine the mean square turbulent intensity

(4.97)

<q2>=(Lo¢A]( I j (00 +L0,.)

2
1+BlK0¢KRq H +iCOS(WL _l//wm)a7uca7uwm
jn M9,

Converting the shears in (4.97) to stresses using (4.95) gives

(ﬂazuj +l(iazuwmj2
() ={ = ] " 2 (4.98)

9,A,+Bo,A P KR, 4 A A
’ Rl +—cos(v.—w. 0 u. "o u.
E (WL me) H Z (& H Z wm

which for neutral conditions reduces to
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(ia u j2+l(ia u jz
H Z C 2 H Z wm

+iCOS(WC _len)(Av aZqu(Av a7uwmj
o . :

(4.99)

<q2>2 _ Bl4/3

H H

The neutral version of the Styles and Glenn (2000) wave current boundary layer
formulation defines two regions for the turbulent intensity

1 4 174
V <q2> = qwc = Bll/3 (Tc‘zb +§Tv%bm +;COS (l//c - l//wm ) chwamj : O S < < hé‘wc (4 100)

w

174
q,
and three regions for the length scale
l:KZH : Z(1£Z<§wc

I=x§H : 6, <z<des

wce wce

(4.101)

Cc

wc

l=kzH zzﬂé'
q

c

where J,. is a characteristic thickness of the wave-current boundary layer relative to the
water column depth. The resulting turbulent viscosity distribution is

Al

= AoncKZ : Zo < z< 5wc
(4.102)

AV = AUQWC K-5WC : §WC S Z < ﬁ 5WC
H q.

4 _ Agqkz @ z2 hdﬂ,
H q.

with corresponding distributions for the vertical turbulent diffusivity.

Rather than solving the wave boundary layer velocity distribution using special
mathematical functions and then approximating these functions by series expansions, the
solution proceeds by introducing an approximate velocity distribution in the lower region

(4.103)

u= RC{UWI ln {ijexp(la)t)—i_UWZ(Z ZU jexp(la)t)} : ZU S < S 5wc

<

ZU 0
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and an exact distribution in the constant viscosity central region

g (4.104)
u,=u, +Re UW3exp[—ﬁ( 5 W”Dexp(ia)t) 0 5,.5z

wce

where U,,;, U,», and U, ; are complex constants and

@H 6 (4.105)

wc

=i

i
Agq,K

wc

Since Bis of order unity, the wave boundary layer scale is on the order of

4.106
5. —o[ A (.106)
wH

<o 2]
wH

The solution the lower region is obtained by a Galerkin procedure. Substitution of
(4.103) into (4.11) gives a residual error:

_ (4.107)
E=io|U,n| 2 |+u,| Z=% | |0 | 2| Y Yo || gy
Z, Z, H\ z zZ,

The Galerkin weighted residual errors are then set to zero

O,

j In| = |Edz =0
Z Z,

)

i (-_j Fdz =0
Z, <

o

(4.108)

Expanding (4.107) and integrating the vertical stress gradient by parts gives

5 s _ (4.109)
[ |iwm*| = AL U, + [ | io| = || === N
20 Z” H z Z, Z0 Zo H ZOZ
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Or

Where

The solution is

Or in symbolic form

2 (4.110)
1
j " —}U

4.111)

4.112)

(4.113)
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T .
U,=AU,. +A12( = j
wh
4.114)

T .
U,=AU, _+A,| =
w2 A21 Wwoo AZZ(wh)

where the complex stress amplitude 7, at the interface between the lower and central
regions remains to be determined as does the constant, Uy, in the central region solution.
The two constants, T,; and U,,;, must be determined such that the velocity and its vertical
gradient are continuous at the interface between the two boundary layer regions by the

solution of
5 -z T .
A ln +A o -y
[ 22( Z, D(whj w3

_ 4.115
U (AU [H(w)(‘s—j (112
ZU

4

i_}ﬂ (ij_FﬁUWS:_ i_ki Uwoo
5WC Z() a)h §WC 5"\/() Z()

The solution provides the interface stress in terms of the inviscid wave velocity amplitude
and in turn allows Uy, and Uy, to be expressed in terms of the inviscid wave velocity
amplitude. The maximum wave bed stress can then be determined by

A qwc le + UW2 (41 16)

Note that in the absence of currents

311/3 1/2
qwc = 21/4 wam (4117)
with (4.116) becoming
) N (4.118)
wam - |Uw1 w2 = cbw Uwoo
2
U, +U,,

2

C,, =——=
v v

woo

The solution for the current velocity is
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T, z 4.119)
u, = In| —
AO qWCK ZO
in the lower region,
(4.120)
P BN P
A{) qWC K 5WC Z()
in the central region, and
(4.121)
u, = SV In| =
A4, K\ 4. z,

Zee = .qWC { Zoe jqwc
5WC QC 5WC

in the upper region. To enforce the integral constraint, the current profile is integrated
over the three regions to give

8 (4.122)
T N () P 7 S S R
Agq,.k: \z, A4, K Z,
e (4.123)

w 49
j —+ln( j—l]dz
va 5 wc Zo
2
A 1(%] SEANESNEAN
Aq,.K 2\ q. q, q, z, ) 2

mA (4.124)
ch (qwcj I ln(ijdz
AUqV/Ck qC 5 q'i Ze
ey
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with the general integral constraint being

(mA-z, (ZMCJ

T, (5 In (5 j (5WC—ZO)J
AQWC ZO
2
+—Tch ) lﬂ —ﬂ+ﬂ—lln%+l
Agq,.x "2\ q, q, q. z, ) 2
/TSN [ PN A R
Aq,..K\ q, Z,
2
— Ter (ﬂj 5WC [m(&ﬁj_l}
Agq,K\ q %, 4.

For the thickness of the wave-current layer exceeding the lower hydrodynamic grid layer.
When the wave-current boundary remains inside the bottom layer of the hydrodynamic

grid, (4.125) reduces to

(4.126)

3ot )
T, 2\ q. Qe \ 2

Akqu, =
o e A—Z
( 0) é‘WLl (5WLJ+AIH[AJ [ wcjb‘ ln(awc qwcj
<, Z, q. 2, 4.

Introducing (4.100) into (4.126) gives

(4.125)

u, 4.127)

ch = cbc ucl

K (A-z,)
- 2
(A(IH[AJ_IJ_F&WC(QWC_QCJ_FZDJ
Ze 2 qC qW’C

an expression for the current stress and bottom current friction coefficient.

cbc

4.5 Stratified Wave, Current, and Sediment Boundary Layers

Currently under development.
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5. Sediment Bed Mass Conservation, Armoring and
Consolidation

The general conservation of mass for bed sediment has the form
at (SZB)/( = —5(](,]([ ) J;B +aA5(k’kz ) J;’A —G’Aé‘(k,k, _1) J;’A SRY)

where § is the mass concentration of per total volume of a bed layer k, B is the layer
thickness, Jgp is the net sediment mass flux, mass per unit area and unit time, positive
from the bed to the water column, ¢y is an armoring parameter (1 for armoring, 0
otherwise), and Jp, is the parent to armoring layer flux when the top or surface layer of
the bed, k;, acts to simulate armoring. The superscript i denotes the ith sediment size-type
class. The sediment concentration can also be defined by

Cl+e (5-2)

where F'is the sediment volume fraction, gy is the sediment particle density, and £ is the
void ratio. The sediment volume fraction is defined by

[

Assuming that the sediment particles are incompressible (5.1) can be alternately
expressed by

F'B Jis Iy, I,
OS2 | =—5 (ko) 22 40,5 (koK) 22—, 8 (k. k, —1) 22 54
[1j (k) D8 0k L2, 1) 2 544

s s s

Summing (5.4) over the sediment size classes gives

B J s
o[ -B = (kk) YL a8k ) S L2 -, 8 (k k-1
’(1+€j Z " zps “0! )Z P, )

The conservation of water volume in a bed layer is given by
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EB
0| | =g, -4,
t (1 + gjk qw.k— qw.k+

(gl sansd)
5.l )

Where € without the i superscript is the bulk void ratio of the bed layer, and €'s with
superscripts 1 denote sediment class void ratios required by the mixed material
consolidation formulation to be subsequently discussed. Equations (5.5) and (5.6)
combine to give

atBk = QW:k— - QW:IH—

—5<k,k,{,Z(ms;)ma"(%’oj},z((”%)mi“(%’ojjj

+aA5(k,k,)(Z{(Hg;,_l)max (J—;?“,oj} Z((Hs,;)min (ﬂom (5.7)

i p; ps

ot o oo Gl e {25

The solution procedure for the bed uses a fractional step approach. The first step
involves deposition and resuspension while the second step involves pore water flow and
consolidation.

5.1 Deposition, Resuspension, and Armoring

The discrete deposition and resuspension step for the sediment class i mass conservation
equation (5.1) is

(sz): =(S'B)’ ~65(k.k,) T4y + 60,8 (k k) Th, — 60,8 (ko k, ~1) T}, (5.8)
Or
FBY (FBY Ji Ji Ji
S22 2 =08 (kok) B 1 00,8 (k. k, )2 — O, S (k. k, —1) 224 59
(lj (lj (k) B0 3k 2ok ) 59)

The corresponding discrete forms of (5.5), (5.6) and (5.7) are
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( B j ( B j =66 (kk) YL 4 00, (k k) T L
k

1+¢ 1+¢

‘ oA P (5.10)
—0a, 5 (k,k, —1)2J—P;*

i s

(gBj :( €Bj _495(/6,1@)2 £, max J_S‘?’() +& min J—SI?,O
I+e), \l+¢&), i ol P P S

+0cr, (8 (k. k,)— S (k,k, —1))2(5;,_1 max (J—P;*,ojw;, min(if,oD
P P

i s s

B, =B

—05(k,kt)2((1+8,;)max{%,0j+(l+€;ep)nﬂn(‘%’,on

i s s

+eaA6(k,k,)z((1+e;,_l)rnax[%ﬁ}(ne;)mn[%,on (5.12)

i s s

~00:,0 (k. k, —1)2((1+e;,_1)max {J—%‘,Oj+(l+8,i,)min {MOB

i ps pS

When the armoring option is inactive, the deposition and resuspension step operates only
on the top layer of the bed with (5.8) solved for the new top layer sediment mass per unit
area

in\ _(c¢inY _pri (5.13)
(s'B) =(S'B) —6J,
using a known sediment depositional or resuspension flux. If the flux in (5.13) is
positive, representing resuspension, it is limited over the time step by

Tiy =min( 13,67 (5'B)" (5.14)

where the subscript SBR represents the predicted resuspension flux. Following the
solution of (5.13) for each sediment class, equations (5.12) is solved for the new top layer
thickness and (5.10) is solved for the new top layer void ratio.

When the noncohesive sediment armoring option is active, equation (5.8) is applied to the
top two layers of the bed
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(S’B):, =(S'B), ~6J5,+6J}, (5.15a)

(SiB);_l _ (SiB)Zr—l _QJ;’A (5.15b)

with the flux limiter (5.14) being applied to (5.15a) for resuspension flux from the top
layer. Two options exist for determining the parent to active layer flux. One option is to
require that the total mass of sediment in the surface, active layer remains constant during
the deposition-resuspension step. The total parent to active layer flux is then given by
(5.10) as

i Ji
PA SB
i i 5.16
2 (5.16)
The class fluxes can then be assigned by
Ji ; J! P J!
_/;’;A =F, max(Z—; ,0J+Fkl mm(Z—;f ,O] (5.17)

allowing (5.15) to be updated. Equation (5.10) and (5.12) are then solved for the new
thicknesses and void ratios of the parent and active layer. Another option is to require
that the thickness of the active layer to be time invariant during the deposition and
resuspension step. Equation (5.12) reduces to

Z((1+€;i,_l)max (%’?,OD+ Z((l+€,ﬁl)nﬂn(%’j‘,0D

i s

4 J! SN
= ZZ((1+€,’(,)max{ﬁ,0j+(l+£‘;€p)mm[%,OD

N s

(5.18)

The sediment class fluxes can be assigned by

JPiAz Fk"il max (Qy, ,0)+ F"’i min (Qy, ,0)
py (1+&,.) (1+e,) (5.19)

00 =3 (1 o L0 1, Jin 20

i ps pS
allowing solution of equations (5.15), (5.10), and (5.12).

5.2 Consolidation of Homogeneous Sediment Beds

This section discusses options for representing consolidation of sediment beds containing
either cohesive sediment or a mixture of noncohesive sediments defined by multiple size
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classes. Mixed cohesive and noncohesive bed consolidation is discussed in the
subsequent section. For the second, consolidation half step, the sediment mass per unit
area and the sediment volume per unit area remain constant, with (5.1) and (5.5) giving

(SiB)Z+1 :(SiB) (5.20)

*
k
*

(Lj _ (Lj -
1+e),  \l+e), (5-21)

The second half step for the water volume conservation equation (5.6) is

n+l *
EB EB
—_— =|— | +0(q.,_—q. .
(1+el (1+el (@i = i) (5.22)

Equations (5.21) and (5.22) can be combined to give
BI:H—I :BZ+6(qW:k—_qw:k+) (523)

an equation for the layer thickness, and

o 1+e\™
g =¢, +0(7j (Gse = D) (5.24)

k

an equation for the void ratio. The EFDC model includes four options for consolidation
and pore water flow.

The first option is a constant porosity bed, with (5.24) giving
qw:k— = qw:k+ = qGW (525)
which indicates that the pore water specific discharge is equal to a specified groundwater
specific discharge at the bottom of the lowest bed layer. The second option is a simple
consolidation model based on relaxation of the vertical void ratio profile to a specified
profile given by
e=¢,+(¢,—¢,)exp(-a,(t-t,)) (5.26)

where ¢, is a consolidation rate coefficient, and &, is an ultimate minimum void ratio,
which can be dependent on the vertical position in the bed. Evaluating (5.26) at two
successive time levels gives

e —¢,=(¢ —¢,)exp(-a, (n0-t,)) (5.27)
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n+l

e —¢, =(g -¢,)exp(-a, (n0+6-1,)) (5.28)

Taking their ratio gives

i (5.29)
g*—gm =eXp (_ace)
£ ¢,
or
g =¢,+(e —¢,)exp(-,0) (5.30)

Using the new void ratio given by (5.30), the new bed layer thickness is updated by
(5.21). The pore water specific discharges are then given by recursively solving (5.23)

Qe =i —6"' (B = B,) (5.31)

From k = 1, k; using
qw:l— = qGW (532)

The third option for consolidation and pore water flow is based on finite strain
consolidation theory. Use of this option requires the bed layers to be composed of either
cohesive or noncohesive sediment, such that a single set of constitutive relationships are
used over the entire thickness of the bed. The specific discharges in (5.23) or (5,24) are
determined using the Darcy equation

K (5.33)
g=———0du
8p,

where K is the hydraulic conductivity and u is the excess pore pressure defined as the
difference between the total pore pressure, u;, and the hydrostatic pressure, u,.

w=u —u, (5.34)

The total pore pressure is defined as the difference between the total stress o and
effective stress o,.

u=0-0 (5.35)

t e

The total stress and hydrostatic pressure are given by
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(5.36)

Y L e )

w,=p,+8p,(z,-2) (5.37)

where pj, is the water column pressure at the bed surface z,. Solving for the excess pore
pressure using (5.34) through (5.37) gives

% — (5.38)
u=gp, ((Lj(i—ln dz-o0,
- \\I+e&)\ p,

5.=Y(Fp)) (5.39)

where

is the average sediment density. The specific discharge (5.33), can alternately be
expressed in terms of the effective stress

5 (5.40)
q :Lavo-e +(&_1](Lj
gpl«V . pl«V 1+ 8
or the void ratio
= (5.41)
. :L(@] (m(&_lj(ij
gp,\de )~ o, I+¢

where d&/doe is a coefficient of compressibility. For consistency with the Lagrangian
representation of sediment mass conservation, a new vertical coordinate ¢, defined by

a1 (5.42)

dz 1+¢

is introduced, with (5.40) and (5.41) becoming

) 5.43
A ) -
I+¢ gp, P, I+¢

and
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ol (5.44)
q, = _l(ija—}g—'_( P _1j(£j
I+¢ P, I+¢

where A is a length scale

41 do, (5.45)

gp, €

The consistency of (5.43) and (5.44) at bed layer interfaces also requires consideration.
The finite difference form of (5.33) in the transformed coordinate, defined by (5.42), at
an interface between bed layers can be written as

2 (K) — (5.46)
q_ gpw 1+€ k Ak

below the interface and

q=- 2 ( K j (ukﬂ_uij (547)
gpw 1+€ k+1 Ak+l

above the interface, where

A =(1+¢)B, (5.48)

is the transformed coordinate thickness of the bed layer. Solving (5.47) for the interface
excess pore pressure and inserting the results into (5.46) gives

( K j 2 (up,—u,) (5.49)
q=-
1+&), ., 8P, (Ak+1 +Ak)

where

5.50
(Ak+1 +4, )(H_gj =0, (14‘_8) +4, (H_gj ( :
K Jian K )i K )

defines the hydraulic conductivity at the bed layer interface between layers k and k+1.
The discrete from of (5.38) in the transformed coordinate is
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GRGRORCER)
gpw k+1 gpw k pw 2 k+1 pW 2 k (5.51)
RS
- +
glow k+1 glow k
which after introduction into (5.49) gives
R e (5
1+& )i (A +A)(Lgp, i \8Pw )y (5.52)
+(Lj (&ﬂ
1+€ k+1/2 pw k+1/2

where

P, I (ﬁv ] (ﬁs J
Lt | = | A, 1| +A | -1 (5.53)
(pw Jk+1/2 (Ak+l +Ak ) [ ! pw k+1 ‘ pw k

In terms of the void ratio, (5.52) is

K 24, K )
q=—( j L3 (%—%){—j (&—1] (5.54)
l+¢& k+1/2 (Ak+l +Ak) l+¢e k+1/2 pw k+1/2
where
1 O, s+ _Ge,
Ao == ( -~ kj (5.55)
8P, &~ &

The effective stress and hydraulic conductivity are functions of the void ratio. For

cohesive material
o, ( (6‘ -, D
=exp| —
oo € (5.56)

K (8— g, j (5.57)
— =exp

47



EFDC Sediment and Contaminant Theory and Computation

are the simplest functional relationships consistent with observational data. Figures 5.1
through 5.4, based on data presented in Cargill (1985) and Palermo et al. (1998) confirm
these choices. However, they show essentially two regions of behavior, below and above
a void ratio of approximately 6. For noncohesive material the linear relationships

o, | _(8 —-£, j
O € (5.58)
do, __o,
oe £,
K e—¢ (5.59)
—=1+ =
Ko gK

are appropriate.
Given the unique dependence of the specific discharge on the void ratio, the void ratio
form of the consolidation step, (5.24) is selected for the solution, with the thickness of the

bed layers then determined by (5.23). The specific discharges at the top and bottom of
layer k, follow from (5.54) and are given by

24, K ]
9 kv :_{A 4 j( j (8k+1 _gk)+(
v TA \I+eE ), P,

24 K P, K
Qyie- =~ A " ( j (& —&)+ &_1 (_j
A )\+E ), P, . I+¢€),_

For the bottom layer of the bed,

|
|
o
N—
=~
7 N\
p—
+‘w
™
N
=

(5.60)

qw:l— = qgwi (561)

where g, is a known specific discharge due to groundwater interaction.
For the top layer of the bed, two alternate formulations are possible. The first

formulation assumes that the void ratio at the water column-sediment bed interface is
specified by &, with (5.60a) modified to

22, ) K 5 K (5.62)
CIW:kH == (%j (1_j (gdep - gk ) + (& - 1] (_j
kt +€ kt+ pw kt+ l+e¢ kt+

The second formulation assumes that the excess pore pressure, u, at the water column-
sediment bed interface is zero with (5.46) giving
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( K j 2 ( u (5.63)
qW:kH' - 1 +& Kt AKT glow Kt
Using (5.38) the excess pore pressure at the midpoint of the top layer is
u ( P, 1] A o, (5.64)
gp, \pP, )2 gp,

which combines with (5.63) to give

K) 2(o K (P (5.65)
qw:kH— == + D 1
1+8 Kt AKT glow 1+8 Kt pw Kt

Equation (5.65) can be expressed in terms of the void ratio at the new time level n+1/ by
expanding the effective stress at time level n+1 in a Taylor series

6n+1 — O-: + (ago_e )” (€n+l _g*) (566)

e

Substituting (5.61) into (5.65) gives

qw:kH—:(Lj iﬂ«*gw—l"‘(ij {&—lj
1+8 Kt AKI 1+€ Kt pw Kt (567)

( K j 2 (0': . j
- +A¢€
1+€ KIAKI gpw Kt

The numerical values of the various parameters in the expressions for the specific
discharge indicate that an implicit solution of (5.24) is necessary. This is done in two
stages with an intermediate void ratio, denoted by **, determined by substituting the
internal specific discharges, written as

24, )( K Y « (P K Y
qw:k+ = _( ﬂk ] ( j (gk+1 _gk ) +(£_1j ( j
Ay +A ) \+e) P ) \1+E), (5.68)

24 V([ kY - (P K\
qw:k—:_(A /?%A j(l j (gk_gk—l) +[,0 _1j (_j
k+ k—1 +& k— pw k— 1+€ k—

and one of the surface specific discharges corresponding to (5.62)

*

22Y (K Y ~(p N[ KY (5.69)
qw:k1+ == (Zj (l_j (gdep - gk ) + (& - lj (_j
kt +& kt+ IOW kt 1+ € kt+
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or (5.67)

(i), (B (25, (2
’ 1+¢),,. 1 it (5.70)
K Y 2 o, )
_(EJM (_k,j(gpw jk,

into

(5.71)

w .« O(1+e)
Sk —€k+2

_j (qw:k— - qw:k+ )
k

B

and solving the resulting tri-diagonal system of equations. The specific discharges are
then exactly calculated using (5.68) and (5.69) or (5.70). The new time level thickness of
the layers is determined by (5.23) with the void ratios determined from (5.24). The
linearized form of this scheme is unconditionally stable.

5.3 Consolidation of Mixed Cohesive and Noncohesive Sediment Beds

This section presents a methodology for representing consolidation of sediment beds
containing both cohesive and noncohesive sediments. The methodology allows for both
cohesive and noncohesive sediment in any bed layer and is based on the following
assumptions. First, it is assumed that during the consolidation step, a fraction of the bed
pore water volume per unit horizontal area is associated with each sediment type or

EB
(E) =(¥,.+v,.)B (5.72)

where the subscripts we and wn denote water associated with cohesive and noncohesive
sediment, respectively. Likewise the volume of sediment per unit horizontal area can be
fractionally partitioned between cohesive and noncohesive

B
(—j =(v..+v,)B (5.73)

1+¢

Following the Lagrangian formulation of the previous section, the total volume of
sediment and the fractional sediment volume in a bed layer remain constant during a
consolidation step.

J,(By,.)=9,(By,)=0 (5.74)

Fractional void ratios can also be defined
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— WWC

Ty (5.75)
—_ WW}’!

T (5.76)

and using (5.72) and (5.73), the void ratio of the mixture is

WYC gL‘ + WW’! gﬂ
W&'L‘ + WW’!

(5.77)

which is the sediment volume weighted average of the void ratios of the two sediment
types.

The second assumption is that during the consolidation time step, the fraction of water
associated with noncohesive sediment remains constant, as does the fractional void ratio.
This is equivalent to the assuming that the portion of the bed layer associated with
noncohesive sediment is incompressible, and that the pore water associated the
noncohesive sediment is specified by €,.

Consistent with the preceding assumptions, the thickness of the bed layer can be divided
into cohesive and noncohesive fractions, B, and B,, respectively.

BC :(WWL‘ +WYC)B:(1+€C)WYCB

5.78
B,=(w,,+¥.)B=(1+£,)y,8 78
The hydraulic conductivity of the layer can be expressed by
K —_ (BL + BV! )
B B (5.79)
+ _n
KC Kn

which is equivalent to an infinite number of alternating infinitesimal cohesive and
noncohesive sublayers of proportional thickness comprising the mixed bed layer.
Equation (5.79) can be written as

K 1

(1+€) (f (1+¢) (1+en)j (5.80)

+
K Lo K

c n

where
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WS C

e =y vv) (5.81)
%
fSVl = =
(v,.+v.,)

are the time invariant total cohesive and noncohesive sediment fractions in the bed layer.
Likewise, (5.77) can be write as

&= fvcgc + fvngn (582)
The final assumption for the mixed material consolidation formulation is that changes in
effective stress are due entirely to changes in the cohesive void ratio. Under this
assumption, the specific discharge given by (5.54) can be written as

q=—( K j 2saa ((fe8.),,,—(£),) (5.83)

1+8 k+1/2 (Ak+1 +Ak)

{Lj (&_1]
1+8 k+1/2 pw k+1/2

with (5.55) becoming

1 O-e k+l O-e k
Aiyr =— : : (5.84)
" gpw (fscgc )k+1 _(fscgc )k

The other layer interface quantities in (5.83) remain defined by (5.50) and (5.53). When
the depositional void ratio is specified for the surface layer, (5.62) is modified to

_ [ ) & ~(e),)+| 2] [ -
qu:kH— - ( Akl J(l'i'gjkﬁ. ((gc )dep (gc )k)+(pw 1jk1+(1+8jkt+

When the zero excess pore pressure boundary condition at the bed surface is used, (5.67)
becomes

QW:kl+ = (Lj i(2/>k~f;‘c“c“‘:~‘1-'-l) +(Lj (&_1J
1+€ Kt AK[ K 1+€ Kt pw Kt (586)

() 2 ["e +ﬂ*fmsij
1+€ KzAKz gpw Kt

Equation (5.71) for updating the void ratio is modified using (5.82) to give
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o (5.87)

(ree); =)+ 5] (-0

Thus the mixed bed layer consolidation formulation essentially solves of the space and
time evolution of f;.& with the continuum constitutive relationship for A given by

1 0 o
l=—f—$(gj (5.88)

The formulation has the desirable characteristic of reducing to the well established
cohesive formulation in the absence of noncohesive material. The solution for f &
proceeds by introducing (5.83) and (5.85) or (5.86) into (5.87) and solving the resulting
tri-diagonal system of equations. The new specific discharges are then directly calculated
using (5.83) and (5.85) or (5.86) and used to update the layer thickness using (5.23)

BI:H—I = B;: +0(qw:k— _qw:k+) (5'23)

Equation (5.21) is then used to solve for the void ratio

(w2 )
l+¢&), l+¢€), (5-21)
Followed by the solution of (5.82) for the cohesive void ratio

. _Efut, (5.82)
‘ fsc
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Figure 5.1. Specific Weight Normalized Effective Stress Versus Void Ratio.
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6. Noncohesive Sediment Settling, Deposition and Resuspension

Noncohesive inorganic sediments settle as discrete particles, with hindered settling and
multiphase interactions becoming important in regions of high sediment concentration
near the bed. At low concentrations, the settling velocity for the jth noncohesive
sediment class corresponds to the settling velocity of a discrete particle:

wWo=w, 6.1)

S] s0j

Useful expressions for the discrete particle settling velocity which depends on the
sediment density, effective grain diameter, and fluid kinematic viscosity, provide by van
Rijn (1984b) are:

R,
l_g . d<100um
y o (6.2)
S,o;, _ R_( 1+0_01R5j —1) : 100um <d; <1000um
8 a; dj
1.1 : d;>1000um
where
| (6.3)
g.:g(&_lj
P,

is the reduced gravitational acceleration and
d.Jg'd, (6.4)
Rdi =_JN® J
‘ 1%
is a the sediment grain densimetric Reynolds number.

At higher concentrations and hindering settling conditions, the settling velocity is less
than the discrete velocity and can be expressed in the form

I " (6.5)
Wy =(1—Zij Wy

i psi

where ps is the sediment particle density with values of n ranging from 2 (Cao et al.,
1996) to 4 (Van Rijn, 1984). The expression (6.2) is approximated to within 5 per cent

by
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s (6.6)
w, = (1—nzi] Wi

i Iosi

for total sediment concentrations up to 200,000 mg/liter.  For total sediment
concentrations less than 25,000 mg/liter, neglect of the hindered settling correction
results in less than a 5 per cent error in the settling velocity that is well within the range
of uncertainty in parameters used to estimate the discrete particle settling velocity.

Noncohesive sediment is transported as bedload and suspended load. The initiation of
both modes of transport begins with erosion or resuspension of sediment from the bed

when the bed stress, 7, exceeds a critical stress referred to as the Shield's stress, Zes. The
Shield's stress depends upon the density and diameter of the sediment particles and the
kinematic viscosity of the fluid and can be expressed in empirical dimensionless
relationships of the form:

r,  ul, (6.7)

Useful numerical expressions of the relationship (6.5), provided by van Rijn (1984b), are:

0.24(R)" . RV <4

0.14(R*)"™ : 4<RP <10 68)

Oy =1 0.04(R¥*)" : 10< R <20
0.013(R2*)™ : 20< R <150
0.055 : R;° =150

i

A number of approaches have been used to distinguish whether a particular sediment size
class is transported as bedload or suspended load under specific local flow conditions
characterized by the bed stress or bed shear velocity:

N (6.9)

The approach proposed by van Rijn (1984a) is adopted in the EFDC model and is as
follows. When the bed velocity is less than the critical shear velocity

no erosion or resuspension takes place and there is no bedload transport. Sediment in
suspension under this condition will deposit to the bed as will be subsequently discussed.
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When the bed shear velocity exceeds the critical shear velocity but remains less than the
settling velocity,

Uspy < U < W, (6.11)

sediment will be eroded from the bed and transported as bedload. Sediment in
suspension under this condition will deposit to the bed. When the bed shear velocity
exceeds both the critical shear velocity and the settling velocity, bedload transport ceases
and the eroded or resuspended sediment will be transported as suspended load. These
various transport modes are further illustrated by reference to Figure 1, which shows
dimensional forms of the settling velocity relationship (6.2) and the critical Shield's shear
velocity (6.10), determined using (6.8) for sediment with a specific gravity of 2.65. For
grain diameters less than approximately 1.3E-4 m (130 um) the settling velocity is less
than the critical shear velocity and sediment resuspend from the bed when the bed shear
velocity exceeds the critical shear velocity will be transported entirely as suspended load.
For grain diameters greater than 1.3E-4 m, eroded sediment be transported by bedload in
the region corresponding to (6.11) and then as suspended load when the bed shear
velocity exceeds the settling velocity.

In the EFDC model, the preceding set of rules are used to determine the mode of
transport of multiple size classes of noncohesive sediment. Bedload transport is
determined using a general bedload transport rate formula:

L:q)(gg ) (6.12)
pdg'd

where ¢p is the bedload transport rate (mass per unit time per unit width) in the direction
of the near bottom horizontal flow velocity vector. The function & depends on the
Shield's parameter

7, u; (6.13)

and the critical Shield's parameter defined by (6.7) and (6.8). A number of bedload
transport formulas explicitly incorporate the settling velocity. However, since both the
critical Shield's parameter and the settling velocity are unique functions of the sediment
grain densimetric Reynolds number, the settling velocity can also be expressed as a
function of the critical Shield's parameter with (6.12) remaining an appropriate
representation.

A number of bedload formulations developed for riverine prediction (Ackers and White,
1973; Laursen, 1958; Yang, 1973; Yang and Molinas, 1982) do not readily conform to
(1) and were not incorporated as options in the EFDC model. Two widely used bedload
formulations which do conform to (6.12) are the Meyer-Peter and Muller (1948) and
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Bagnold (1956) formulas and their derivatives (Raudkivi, 1967; Neilson, 1992; Reid and
Frostick, 1994) which have the general form

2(6.6.)=9(6-6,)" (Vo -ry.) (6.14)

where
0=0(0.) or 9(R,) (6.15)
The Meyer-Peter and Muller formulations are typified by
d=¢(0-6,)" (6.16)
while Bagnold formulations are typified by

®=9(0-0,)(\6 -7, ) .17)

with Bagnold's original formula having ¥ equal to zero. The Meyer-Peter and Muller
formulation has been extended to heterogeneous beds by Suzuki er al. (1998), while
Bagnold's formula has been similarly extended by van Niekerk et al. (1992). The
bedload formulation by van Rijn (1984a) having the form

d=¢(0-6,)"
4= 0.053

T pli5p21
Rd ecs

(6.18)

has been incorporated into the CH3D-SED model and modified for heterogeneous beds
by Spasojevic and Holly (1994). Equation (6.18) can be implemented in the EFDC
model with an appropriately specified ¢. A modified formulation of the Einstein bedload
function (Einstein, 1950) which conforms to (6.12) and (6.14) has been presented by
Rahmeyer (1999) and will be later incorporated into the EFDC model.

The procedure for coupling bedload transport with the sediment bed in the EFDC model
is as follows. First, the magnitude of the bedload mass flux per unit width is calculated
according to (6.12) at horizontal model cell centers, denoted by the subscript c¢. The cell
center flux is then transformed into cell center vector components using

u

Qpex = W pe (6.19)

\4

thy = th
Vu? +v°
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where u and v are the cell center horizontal velocities near the bed. Cell face mass fluxes
are determined by down wind projection of the cell center fluxes

( qbcx ) upwind

( thy )upwind

Do
Y (6.20)

sy

where the subscript upwind denotes the cell center upwind of the x normal and y normal
cell faces. The net removal or accumulation rate of sediment material from the deposited
bed underlying a water cell is then given by:

mm,J, = (mthfx )e - (mthfx )W + (qubfy )n - (qubfy )5 (6.21)

where Jb is the net removal rate (gm/mz—sec) from the bed, mx and my are x and y
dimensions of the cell, and the compass direction subscripts define the four cell faces.
The implementation of (6.19) through (6.21) in the EFDC code includes logic to limit the
out fluxes (6.20) over a time step, such that the time integrated mass flux from the bed
does not exceed bed sediment available for erosion or resuspension.

Under conditions when the bed shear velocity exceeds the settling velocity and critical
Shield's shear velocity, noncohesive sediment will be resuspended and transported as
suspended load. When the bed shear velocity falls below both the settling velocity and
the critical Shield's shear velocity, suspended sediment will deposit to the bed. A
consistent formulation of these processes can be developed using the concept of a near
bed equilibrium sediment concentration. Under steady, uniform flow and sediment
loading conditions, an equilibrium distribution of sediment in the water column tends to
be established, with the resuspension and deposition fluxes canceling each other. Using a
number of simplifying assumptions, the equilibrium sediment concentration distribution
in the water column can be expressed analytically in terms of the near bed reference or
equilibrium concentration, the settling velocity and the vertical turbulent diffusivity. For
unsteady or spatially varying flow conditions, the water column sediment concentration
distribution varies in space and time in response to sediment load variations, changes in
hydrodynamic transport, and associated nonzero fluxes across the water column-sediment
bed interface. An increase or decrease in the bed stress and the intensity of vertical
turbulent mixing will result in net erosion or deposition, respectively, at a particular
location or time.

To illustrate how an appropriate suspended noncohesive sediment bed flux boundary
condition can be established, consider the approximation to the sediment transport
equation (3.1) for nearly uniform horizontal conditions

(6.22)

Z

9 (HS)=9 (%azs s wXSj

Integrating (6.22) over the depth of the bottom hydrodynamic model layer gives
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d,(AHS)=17,-1J, (6.23)

where the over bar denotes the mean over the dimensionless layer thickness, A.
Subtracting (6.23) from (6.22) gives

_ 6.24
9,(HS') =4, (Kv dS*WsSj‘(Mj (0249
|0 -

Assuming that the rate of change of the deviation of the sediment concentration from the
mean is small

d,(HS") << d,(HS) (6.25)

allows (6.24) to be approximated by

(e ms)-(£2) 620

A

Integrating (6.26) once gives

K, z (6.27)
o 2.S+wsS=(J, _JA)Z_JO
Very near the bed, (6.27) can be approximated by
K, (6.28)

dS+wS=-J,
H

Neglecting stratification effects and using the results of Chapter 4, the near bed
diffusivity is approximately

6.2
K, _ Koqi = u.Kz (6.29)
H H

Introducing (6.29) into (6.28) gives

6.30
BZS+£S=—5J0 (6.30)
< w

N

where
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w (6.31)

is the Rouse parameter. The solution of (6.30) is

6.32
52to, C (6.32)
W,z
The constant of integration is evaluated using
§=S, : z=z, and J,=0 (6.33)

which sets the near bed sediment concentration to an equilibrium value, defined just
above the bed under no net flux condition. Using (6.33), equation (6.32) becomes

. (6.34)
s =(Z9‘1j 5, —Le

For non-equilibrium conditions, the net flux is given by evaluating (6.34) at the
equilibrium level

J,=w/(S,-S..) (6.35)

where S, is the actual concentration at the reference equilibrium level. Equation (6.35)
clearly indicates that when the near bed sediment concentration is less than the
equilibrium value a net flux from the bed into the water column occurs. Likewise when
the concentration exceeds equilibrium, a net flux to the bed occurs. For this case when

Sye 18 greater than S,
S (6.35b)
J,=—=wS |1- S“’q

ne

and the term inside the ( ) can be considered as the deposition factor which does not
exceed unity.

For the relationship (6.35) to be useful in a numerical model, the bed flux must be

expressed in terms of the model layer mean concentration. For a three-dimensional
application, (6.34) can be integrated over the bottom model layer to give

J,=w,(5,-53) (6.36)

where
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-1
_eq:ln(_Alzeq) k=1
(Az, -1) 6.37)
o ((a) ™)
5 = S :R#1

“ (1-R)(Az;) -1)

defines an equivalent layer mean equilibrium concentration in terms of the near bed
equilibrium concentration. The corresponding quantities in the numerical solution
bottom boundary condition (3.6) are
w.S, = wsg'eq (6.38)
PdWS = WS

If the dimensionless equilibrium elevation, z., exceeds the dimensionless layer thickness,
(6.19) can be modified to

_ In(MAZ))
=S, R =1
(MAz)-1) (6.39)
o ((mag)” -1)
= R=#1

where the over bars in (6.36) and (6.38) implying an average of the first M layers above
the bed.

For two-dimensional, depth averaged model application, a number of additional
considerations are necessary. For depth average modeling, the equivalent of (6.27) is

KV

%05 m,8 ==, (1-2) (640)

Neglecting stratification effects and using the results of Chapter 4, the diffusivity is

K [ 6.41
I_Iv :I{OQEEM*K'Z(l—Z)/1 ( )
Introducing (6.41) into (6.40) gives
R(1—-)" (6.42)
azS +Ll S = —l JU
Z (1_ Z) < s
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A close form solution of (6.42) is possible for A equal to zero. Although the resulting
diffusivity is not as reasonable as the choice of A equal to one, the resulting vertical
distribution of sediment is much more sensitive to the near bed diffusivity distribution

than the distribution in the upper portions of the water column. For A equal to zero, the
solution of (6.42) is

R

(6.43)
S:—(l— Rz ]Juc
W, Z

(1+R) =

Evaluating the constant of integration using (6.43) gives

R (6.44)
S:(Zeqj s _[1_ Rz JJO
z ) “ (1+R) | w,

For non-equilibrium conditions, the net flux is given by evaluating (6.44) at the

equilibrium level

6.45)

1+R (

Jo =w, u (Seq _Sne)
| 1+R(1-2,)

where S, is the actual concentration at the reference equilibrium level. Since z,, is on the
order of the sediment grain diameter divided by the depth of the water column, (6.45) is
essentially equivalent (6.35). To obtain an expression for the bed flux in terms of the
depth average sediment concentration, (6.44) is integrated over the depth to give

; :WS( 2(1+R) ](@,—E) (6.46)

’ 2+R(1-z,)

where

(2 1) (6.47)

1
S = S 1
TR )

eq

The corresponding quantities in the numerical solution bottom boundary condition (3.6)
are
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w.S, =w, (LR))J §eq

2+R(1-z, (6.48)

2(1+R)

When multiple sediment size classes are simulated, the equilibrium concentrations given
by (6.37), (6.39), and (6.47) are adjusted by multiplying by their respective sediment
volume fractions in the surface layer of the bed.

The specification of the water column-bed flux of noncohesive sediment has been
reduced to specification of the near bed equilibrium concentration and its corresponding
reference distance above the bed. Garcia and Parker (1991) evaluated seven
relationships, derived by combinations of analysis and experiment correlation, for
determining the near bed equilibrium concentration as well as proposing a new
relationship. All of the relationships essential specify the equilibrium concentration in
terms of hydrodynamic and sediment physical parameters

S, =S, (d.p.p, w,,u.v) (6.49)

including the sediment particle diameter, the sediment and water densities, the sediment
settling velocity, the bed shear velocity, and the kinematic molecular viscosity of water.
Garcia and Parker concluded that the representations of Smith and McLean (1977) and
Van Rijn (1984b) as well as their own proposed representation perform acceptably when
tested against experimental and field observations.

Smith and McLean's formula for the equilibrium concentration is

—p 0.65y,T (6.50)
T vy T

where %, is a constant equal to 2.4E-3 and T is given by

7,7 u’ —ufcs (6.51)

where 7;, is the bed stress and 7, is the critical Shields stress. The use of Smith and
McLean's formulation requires that the critical Shields stress be specified for each
sediment size class. Van Rijn's formula is

d ) (6.52)
S,, =0.015p, ~T*R;"

eq
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where zeq* ( = Hz.q ) is the dimensional reference height and R, is a sediment grain
Reynolds number. When van Rijn's formula is select for use in EFDC, the critical
Shields stress in internally calculated using relationships from van Rijn (1984b). van
Rijn suggested setting the dimensional reference height to three grain diameters. In the
EFDC model, the user specifies the reference height as a multiple of the largest
noncohesive sediment size class diameter.

Garcia and Parker's general formula for multiple sediment size classes is

= p. A(42)) : (6.53)
(1+3.334(22)')

Jjeq

", (6.54)
Z,=—R}°F,
Wsj
d\" (6.55)
F,=|—-L
. dSO
o (6.56)
A=1+—2(4,-1)
O-¢o

where A is a constant equal to 1.3E-7, dsp is the median grain diameter based on all
sediment classes, A is a straining factor, Fy is a hiding factor and oy is the standard
deviation of the sedimentological phi scale of sediment size distribution. Garcia and
Parker's formulation is unique in that it can account for armoring effects when multiple
sediment classes are simulated. For simulation of a single noncohesive size class, the
straining factor and the hiding factor are set to one. The EFDC model has the option to
simulate armoring with Garcia and Parker's formulation. For armoring simulation, the
current surface layer of the sediment bed is restricted to a thickness equal to the
dimensional reference height.
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Figure 6.1. Critical Shield's shear velocity and settling velocity as a function of
sediment grain size.
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7. Cohesive Sediment Settling, Deposition and Resuspension

The settling of cohesive inorganic sediment and organic particulate material is an
extremely complex process. Inherent in the process of gravitational settling is the process
of flocculation, where individual cohesive sediment particles and particulate organic
particles aggregate to form larger groupings or flocs having settling characteristics
significantly different from those of the component particles (Burban et al., 1989; 1990;
Gibbs, 1985; Mehta et al., 1989). Floc formation is dependent upon the type and
concentration of the suspended material, the ionic characteristics of the environment, and
the fluid shear and turbulence intensity of the flow environment. Progress has been made
in first principles mathematical modeling of floc formation or aggregation, and
disaggregation by intense flow shear (Lick and Lick, 1988; Tsai et al., 1987). However,
the computational intensity of such approaches precludes direct simulation of flocculation
in operational cohesive sediment transport models for the immediate future.

An alternative approach, which has met with reasonable success, is the parameterization
of the settling velocity of flocs in terms of cohesive and organic material fundamental
particle size, d; concentration, §; and flow characteristics such as vertical shear of the
horizontal velocity, du/dz, shear stress, A,du/dz, or turbulence intensity in the water
column or near the sediment bed, g. This has allowed semi-empirical expressions having
the functional form

7.1
er :er (d’S’ﬂ’qj ( )
‘ ‘ dz

to be developed to represent the effective settling velocity. A widely used empirical
expression, first incorporated into a numerical by Ariathurai and Krone (1976), relates the
effective settling velocity to the sediment concentration:

A% (7.2)
WY = WYO -
el

o

with the o superscript denoting reference values. Depending upon the reference
concentration and the value of ¢, this equation predicts either increasing or decreasing
settling velocity as the sediment concentration increases. Equation (7.2) with user
defined base settling velocity, concentration and exponent is an option in the EFDC
model. Hwang and Mehta (1989) proposed

as” (7.3)
(s +b2)m

w =

N

based on observations of settling at six sites in Lake Okeechobee. This equation has a
general parabolic shape with the settling velocity decreasing with decreasing
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concentration at low concentrations and decreasing with increasing concentration at high
concentration. Least squares analysis for the parameters, a, m, and n, in (7.3) was shown
to agree well with observational data. Equation (7.3) does not have a dependence on
flow characteristics, but is based on data from an energetic field condition having both
currents and high frequency surface waves. A generalized form of (7.3) can be selected
as an option in the EFDC model.

Ziegler and Nisbet (1994, 1995) proposed a formulation to express the effective settling
as a function of the floc diameter, dy

w, =ad) (7.4)

with the floc diameter given by:

1/2
a
df — f
{Sw/rjz +T2 J

where S is the sediment concentration, ¢ is an experimentally determined constant and
T, and 7, are the x and y components of the turbulent shear stresses at a given position in
the water column. Other quantities in (7.4) have been experimentally determined to fit
the relationships:

(7.5)

a=B, (S«/sz +72 )_0'85 (7.6)
b=-08-05log(s\z2 +72 - B,) (7.7

where B; and B; are experimental constants. This formulation is also an option in the
EFDC model.

A final settling option in EFDC is based on that proposed by Shrestha and Orlob (1996).
The formulation in EFDC has the form

w, =S%exp(—4.21+0.147G) (7.8)
a=0.11+0.039G

where

G=\(du) +(0r) (7.9

is the magnitude of the vertical shear of the horizontal velocity. It is noted that all of
these formulations are based on specific dimensional units for input parameters and
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predicted settling velocities and that appropriate unit conversion are made internally in
their implementation in the EFDC model.

Water column-sediment bed exchange of cohesive sediments and organic solids is
controlled by the near bed flow environment and the geomechanics of the deposited bed.
Net deposition to the bed occurs as the flow-induced bed surface stress decreases. The
most widely used expression for the depositional flux is:

(7.10)

T.,—7T
—wsSd( “’T ”j:—w‘deSd . 7,57,
cd

0 : 727,

where 7, is the stress exerted by the flow on the bed, 7, is a critical stress for deposition
which depends on sediment material and floc physiochemical properties (Mehta et al.,
1989) and S, is the near bed depositing sediment concentration. The critical deposition
stress is generally determined from laboratory or in sifu field observations and values
ranging form 0.06 to 1.1 N/m?” have been reported in the literature. Given this wide range
of reported values, in the absence of site specific data the depositional stress and is
generally treated as a calibration parameter. The depositional stress is an input parameter
in the EFDC model.

Since the near bed depositing sediment concentration in (7.10) is not directly calculated,
the procedures of Chapter 5 can be applied to relate the near bed depositional
concentration to the bottom layer or depth averaged concentration. Using (6.14) the near
bed concentration during times of deposition can be determined in terms of the bottom
layer concentration for three-dimensional model applications. Inserting (7.10) into (6.14)
and evaluating the constant at a near bed depositional level gives

R 7.11
S:(Td—i_(l_Td)Z_[Ilede ( :
Z

Integrating (7.11) over the bottom layer gives

S, = T+1n(A—Z;1)(1—T) _1§'R—1
L (Az;l—l) ¢ T

ez )

(7.12)

1-T,)| S:R=#1
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The corresponding quantities in the numerical solution bottom boundary condition (3.6)
are

In(Az" B
PLIWS—{Td+ﬁ(I—Td)J w :R=1
y (7.13)
()™ -1)
Pw, = Td+(1—R)(Az;1—l)(l_Td) w,iR#1

For depth averaged model application, (7.10) is combined with (6.25) and the constant of
integration is evaluated at a near bed depositional level to give

® (7.14)
S = I_L TS, +|1- 1_& T, Sdz_d
(1+R) (1+R) Z

Integrating (7.14) over the depth gives
2+R(1-z,) (') ( (14R(1-2,)). )] =
S, = AT, +— 1- LT, || S:R=1
2(1+R) (z,'-1) (1+R) (7.15)
-1

_[(2+R(-2,) (=" -1) R, 3
SdHW]T"+(1—R)(zd1—1)(1_(1_(1+R)]T"D S:R#1

The corresponding quantities in the numerical solution bottom boundary condition (3.6)

((2+R(1-2,) In(z;') (14R(1-2,) i P
})dws(( 2(1+R) ]Tfﬁ(Z;l_l)( ( (1+R) deD Wi k=l (7.16)

((2+R(1-2,) (25 -1) Rz, |
Pdws—(( 2(1+R) JT([+(l—R)(zdl—1)(1_(1_(1+RJT[[B w R#1

It is noted that the assumptions used to arrive at the relationships, (7.12) and (7.15) are
more tenuous for cohesive sediment than the similar relationships for noncohesive
sediment. The settling velocity for cohesive sediment is highly concentration dependent
and the use of a constant settling velocity to arrive at (7.12) and (7.15) is questionable.
The specification of an appropriate reference level for cohesive sediment is difficult. One

[S—
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possibility is to relate the reference level to the floc diameter using (7.5). An alternative
is to set the reference level to a laminar sublayer thickness

v(s) (7.17)
B Hu,

<y

where VS) is a sediment concentration dependent kinematic viscosity and the water
depth is included to non-dimensionalize the reference level. A number of investigators,
including Mehta and Jiang (1990) have presented experimental results indicating that at
high sediment concentrations, cohesive sediment-water mixtures behave as high viscosity
fluids. Mehta and Jain's results indicate that a sediment concentration of 10,000 mg/L
results in a viscosity ten time that of pure water and that the viscosity increases
logarithmically with increasing mixture density. Use of the relationships (7.12) and
(7.16) is optional in the EFDC model. When they are used, the reference height is set
using (7.17) with the viscosity determined using Mehta and Jain's experimental
relationship between viscosity and sediment concentration. To more fully address the
deposition prediction problem, a nested sediment, current and wave boundary layer
model based on the near bed closure presented in Chapter 4 is under development.

Cohesive bed erosion occurs in two distinct modes, mass erosion and surface erosion.
Mass erosion occurs rapidly when the bed stress exerted by the flow exceeds the depth
varying shear strength, 7;, of the bed at a depth, H,,, below the bed surface. Surface
erosion occurs gradually when the flow-exerted bed stress is less than the bed shear
strength near the surface but greater than a critical erosion or resuspension stress, 7.,
which is dependent on the shear strength and density of the bed. A typical scenario under
conditions of accelerating flow and increasing bed stress would involve first the
occurrence of gradual surface erosion, followed by a rapid interval of mass erosion,
followed by another interval of surface erosion. Alternately, if the bed is well
consolidated with a sufficiently high shear strength profile, only gradual surface erosion
would occur. Transport into the water column by mass or bulk erosion can be expressed
in the form

m,,(7,<7,) (7.18)

where J, is the erosion flux, the product w,S, represents the numerical boundary condition
(3.6), m,, is the dry sediment mass per unit area of the bed having a shear strength, 7,
less than the flow-induced bed stress, %, and T, is a somewhat arbitrary time scale for
the bulk mass transfer. The time scale can be taken as the numerical model integration
time step (Shrestha and Orlob, 1996). Observations by Hwang and Mehta (1989) have
indicated that the maximum rate of mass erosion is on the order of 0.6 gm/s-m* which
provides a means of estimating the transfer time scale in (4.10). The shear strength of the
cohesive sediment bed is generally agreed to be a linear function of the bed bulk density
(Mehta et al., 1982; Villaret and Paulic, 1986; Hwang and Mehta, 1989).
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Tx :apr +bv (719)

For the shear strength in N/m” and the bulk density in gm/cm’, Hwang and Mehta (1989)
give a; and b, values of 9.808 and -9.934 for bulk density greater than 1.065 gm/cm3 .
The EFDC model currently implements Hwang and Mehta's relationship, but can be
readily modified to incorporate other functional relationships.

Surface erosion is generally represented by relationships of the form

Jr=ws, =m (ﬂj L T,27, (7.20)
| 7,
or
Jr=ws =M oy —ﬁuy L 1>7 (7.21)
0 r~r dl' p Tce . b — %Yce °

where dm,/dt is the surface erosion rate per unit surface area of the bed and 7. is the
critical stress for surface erosion or resuspension. The critical erosion rate and stress and
the parameters ¢, B, and y are generally determined from laboratory or in situ field
experimental observations. Equation (7.20) is more appropriate for consolidated beds,
while (7.21) is appropriate for soft partially consolidated beds. The base erosion rate and
the critical stress for erosion depend upon the type of sediment, the bed water content,
total salt content, ionic species in the water, pH and temperature (Mehta et al., 1989) and
can be measured in laboratory and sea bed flumes.

The critical erosion stress is related to but generally less than the shear strength of the
bed, which in turn depends upon the sediment type and the state of consolidation of the
bed. Experimentally determined relationships between the critical surface erosion stress
and the dry density of the bed of the form

T =cp! (7.22)

¢

have been presented (Mehta er al., 1989). Hwang and Mehta (1989) proposed the
relationship

Tce:a(pb_pl)b+c (723)

between the critical surface erosion stress and the bed bulk density with a, b, ¢, and pr
equal to 0.883, 0.2, 0.05, and 1.065, respectively for the stress in N/m” and the bulk
density in gm/cm’. Considering the relationship between dry and bulk density
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_ (7.24)
o =p. (- p.)
(p.-p,)

equations (7.22) and (7.23) are consistent. The EFDC model allow for a user defined
constant critical stress for surface erosion or the use of (7.23). Alternate predictive
expression can be readily incorporated into the model.

Surface erosion rates ranging from 0.005 to 0.1 gm/s-m”® have been reported in the
literature, and it is generally accepted that the surface erosion rate decreases with
increasing bulk density. Based on experimental observations, Hwang and Mehta (1989)
proposed the relationship

(7.25)
dt p,—1.0023

for the erosion rate in mg/hr-cm” and the bulk density in gm/cm®. The EFDC model
allows for a user defined constant surface erosion rate or predicts the rate using (7.25).
Alternate predictive expression can be readily incorporated into the model. The use of
bulk density functions to predict bed strength and erosion rates in turn requires the
prediction of time and depth in bed variations in bulk density which is related to the water
and sediment density and the bed void ratio by

_(Lj +(Lj (7.26)
P l+¢e P l+¢ Py

Selection of the bulk density dependent formulations in the EFDC model requires
implementation of a bed consolidation simulation to predict the bed void ratio as
discussed in the following chapter.
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8. Sorptive Contaminant Transport

The transport of a sorptive contaminant in the water column is governed by transport
equations for the contaminant dissolved in the water phase, for the contaminant sorbed to
material effectively dissolved in the water phase, and for the contaminant sorbed to
suspended particles. For the portion of the contaminant dissolved directly in the water
phase

d,(mm HC,)+J (m HuC,)+J (mHvC,)+J (mmwC,)

=d (m m, —8 C, j+mxmyH(Z(K;sSiZ§)+Z(K1}3Djlzj$ )j (8.1)
i J )
i Qi Cw 4l i
Z(KQSS )(Vfw—j(ls _/?fs)
; ¢
-mm H

+>(K.,D’ )(WW %](%’ - x})+7C,
J

where C,, is the mass of water dissolved contaminant per unit total volume, ys is the
mass of contaminant sorbed to sediment class i per mass of sediment, yp is the mass of
contaminant sorbed to dissolved material j per unit mass of dissolved material, ¢ is the
porosity, ¥, is the fraction of the water dissolved contaminant available for sorption, K,
is the adsorption rate, K, is the desorption rate, and ¥ is a net linearized decay rate
coefficient. The sorption kinetics are based on the Langmuir isotherm (Chapra, 1997)
with } denoting the saturation sorbed mass per carrier mass. The sediment and dissolved

material concentrations, S and D are defined as mass per unit total volume. The transport
equation for the portion of material sorbed to a dissolved constituent D is,

d,(mm HD' y}))+ 0, (m HuD' x}))+ 3, (m HvD’ x}, )+ d_(m.m wD’;(D)
=0, (m m, %&‘ (D'x; )j+ m.m H(K},D’) ( v, %} (8.2)
—mm H (K], +7)(D'x})
The transport equation for the portion of material sorbed to a suspended constituent S is,
2, (mxmyHSi;(; ) +0, (myHuSi;(; )+ I, (mvaSi;(; )+ a, (mxmywSi;(; )

+d, (mxmngsilé):ﬁ (m m, —8 (S ;(S)j (8.3)

+m m H(KasS )(t//w%j(f(; —;(;)—mxmyH(Kfis +7)(S"Z;)
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Introducing sorbed concentrations defining sorbed mass per unit total volume
C)=D'y) (8.4)
Ci=5'% (8->
Allows equations (8.1) through (8.3) to be written as

d,(mm HC,)+J (m HuC,)+J (mHvC,)+J (mmwC,)
o (mm Ay j+mxmyﬂ(z(z<;sc;)+Z(K;ch)j 56
i j :
i i Cw o0 i
> (k). (-2

+> (K.,D’ )(WW %}(,ﬁé -xb)+7C,
J

-m.m H

d, (mm HC))+ 3, (m HuC})+3, (m HvC})+3_(mm wC} )

=0, (m m —ac j+mxmyH(KjDDf ( %j 8.7

Xy

-mm H (Kf{D + 7/) Cl

3, (mm HC})+J, (m HuC})+3 (m HvCy )+ 3, (mm wC)

+9Z(mxmyw;C§) o, (m m, —a C’j (8.8)

e H (KLS )(y, %j( Fom )= H (K +7)C:

The EFDC sorbed contaminant transport formulation currently employees equilibrium
partitioning with the adsorption and desorption terms in (8.7) and (8.8) balancing

o . ) o (8.9)
(K:DDJ)(%%)(%—zg)=K;ch

(8.10)
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Solving (8.9) and (8.10) for the sorbed to water phase concentration ratios gives

¢, f. "¢

-1
A . . 8.11
%=%@Hﬁ@@D G0
T

Koip

C_i;:f_lji_p‘D_j

Ci i isi
—SZQZPS—
CW f‘l«‘/ ¢

-1
) ) ) 8.12
%=%@+%(?]) (®12
710

[

p WKty
So i
KdS

where P denotes the partition coefficient, and P, is its linear equilibrium value.

For
linear equilibrium partitioning, P is set to P,, which in effect approximates ()" terms in
(8.11) and (8.12) by unity. Requiring the mass fractions to sum to unity

foA 2 fi+ 205 =1 (8.13)
i J
gives
F=S ¢
" C ¢+ BS'+Y PD’
i J
ff‘=C—5= BD (8.14)
" C ¢+d PS'+) PD
i J
f,._c;’_ PS'
N

CC P+ PSS+ PID
i J

The dissolved concentrations can be alternately expressed by mass per unit volume of the
water phase
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CW:W = &

¢
c; -5 (8.15)

W ¢

p =L

with (8.14) becoming
CWZW — 1
C  ¢+) PSS+ PloD,
i J

Ch _ PiD] (810

C ¢+ PIS'+) PioD!
i J

Cy Pis'
C ¢+ PS'+) PloD.
i 7

which is a generalization of Chapra's (1997) formulation for sorption to dissolved and
particulate organic carbon.

Adding equations (8.6), (8.7), and (8.8), using the equilibrium partitioning relationships
(8.9) and (8.10) gives

a, (mxmyHC)+

prp J.(m, HuC)+ — 3, (m HvC)+3d_(mm wC)
Y Y (8.17)

. (mxmy Z w;fSiCj =0, (mxmy % 3ZCJ —mm HyC

the equation for the total concentration, C. The boundary condition at the water column-
sediment bed interface, z = 0, is
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—%&ZC—ngf;C
+ZC’

= max (J. . 7%, +€max SBSO
z( (1 200)

SB (8.18)
C, +ZC’
+y min( s Xer0 +€dep mm( — Oj
i ¢dep
wc
C, +
+z (emax SBB OJ
,~ ¢
SB
o pferEe
+> | | £, min ( SBB,OD
i ¢dep
+ZC’ C,+>.C}
+| max(q,,0)| ———— || +| min(g,.0 -
¢dep
wc
C +Zc’ C,+>.C;
4y ! -
o ¢dep ¢

wcC SB

where Jgps and Jspp are the suspended load and bedload sediment fluxes between the
sediment bed and the water column, defined as positive from the bed, p; is the sediment
density, g, is the water specific discharge due to bed consolidation and groundwater
interaction, defined as positive from the bed, and g4 1s a diffusion velocity incorporating
the effects of molecular diffusion, hydrodynamic dispersion, and biological induced
mixing. The subscript SB denotes conditions in the top layer of the sediment bed, while
the subscript WC denotes condition in the water column immediately above the bed, with
the exception that the specific discharge and diffusion velocity are defined at the water
column-bed interface. The subscript, dep, is used to denote the void ratio and porosity of
newly depositing sediment. Equation (8.16) indicates that contaminant flux between the
bed and water column includes, a flux of suspended sediment sorbed material; fluxes of
water dissolved and sorbed to water dissolved material due to the specific discharge of
water associated with consolidation and ground water interaction and water entrainment
and expulsion associated with both suspended and bedload sediment deposition and
resuspension; and a flux of water dissolved and sorbed to water dissolved material due to
diffusion like processes. Transport of bedload sediment sorbed material is represented by
direct transport between horizontally adjacent top bed layers and is included in the
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contaminant mass conservation equations for the sediment bed. The boundary condition
at the water free surface is

o 8.19
—ﬁazc—Zw;f;czo oz=1 ®19
H ;
Using the relationship between the porosity and void ratio
£ (8.20)

¢:_

1+¢€

and (8.5) allows (8.18) to be written as

A .
—Eb&ZC—Zw;f;c

B35
R v Co |
U

+Z‘({(l+gd"” mm( SBB,OD(C +ZCJD

+((max 4,.0)+q,; %[c X B
5]

wcC

The sediment concentration can be expressed in terms of the sediment density and void
ratio by

F! p;' (8.22)
1+¢

S’ =

where F' is the fraction of the total sediment volume occupied by each sediment class
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N (8.23)

i p‘v ps
Introducing (8.14) and (8.22) into (8.21) gives the final form of the bottom boundary
condition

A .
—E’?&ZC—Zw;f;c

i

:Z{max(hg—sifs,OjC+max[Lf‘”,Oj(fw+ZijjC]
i S § J SB
i g FJ A
+Z{min(ls‘;—sifs,OjC+min(%,O](fW+ZfoijJ
J wc

i dep

+Z(((1+8)max(%,0]][q+;CZ§BSB (8.24)
oozt

+((max(qw’0)+%ff)$(fw+;f ’ ]CJ

{(min(qw,O)—qd,f )%(fw +Zfo‘jcj

Note that the form of the bed flux associated with bedload transport remains unmodified
since a sediment concentration in the water column cannot be readily defined for
sediment being transported as bedload.

The transport equation (8.17) for the total contaminant concentration in the water column
is solved using a fractional step procedure which sequentially treats advection; settling,
deposition, and resuspension; pore water advection and diffusion; and reactions. The
fractional phase distribution of the contaminant is recalculated between the advection,
settling, deposition and resuspension, and pore water advection and diffusion steps using
(8.14). The advection step is

n+ n 8.25
(HC)"" —(HC)" + d. (m, HuC)+ d,(mHvC)+6d_ (wC)=0 (8.23)
mm, mm,
with the vertical boundary conditions
wC=0 : z=0,1 (8.26)
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The fractional time level in (8.25) and subsequent equations is used to denote an
intermediate result in the fractional step procedure. The spatially discrete from of (8.25)
is solved using one of the standard high order, flux limited, advective transport solvers in
the EFDC model.

The settling, deposition, and resuspension step is

8.27
(HC)n+l/2_(HC)n+l/4 :0&2 (zw;f;CJ ( )

with the boundary conditions

S fic=

Z(max(%ﬁjc+max(%,oj(fw + ZfD’]C]
| o (8.28)
+Z{mi (Jsgifs ojc+mm{F"§J”‘* J(fﬁZfb’ij

+Z([ (1+¢) maX{J;‘ZB OB[CW+Z/:C£BSB
+Z(((l+€dep)min(‘]/§23,OD(CW+;C{)]]WC : z=0

WfiC=0 : z=1 (8.29)

Integrating (8.27) over a water column layer and using upwind differencing for the
settling gives,

A(HC)n+1/2 A, (HC) n+1/4_92{( H) (?j J (HC)::/Z

W;Si N n+1/2
—HZ(%{JSC—} ] (HC),

for a layer not adjacent to the bed, and,

(8.30)
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. n+1/2
Al(HC,);1+1/2_Al (HC)IL+1/4 :ez((w;sl)l+ (%j J C;’H—l/z
! 2
n+1/2

+02[max(ls‘;—sifs,0j+max(%,oj(fw+Zfbin Cy
i J

sb
n+1/2

+02(min (%ﬂf?,o}nﬁn(%,ox £+ £ D cr?
i J

1
n+1/2

+02((1+€)max(JS—fB,0J[fW+Zf[fD cy”
i pS J sb
n+1/2

+92((1+€)min (%oj(f +> 1 D e

1

(8.31)

for the first layer adjacent to the bed. Note that (8.31) is also the appropriate form for
single layer or depth average application. Since the sediment settling flux is zero at the
top of the free surface adjacent layer, (8.27) is integrated downward from the top layer to
the bottom layer. The bottom layer equation (8.31) is solved simultaneously with a
corresponding equation for the top layer of the sediment bed. The settling fluxes, wgsS,
and water column-sediment bed fluxes, Jgg, in (8.30) and (8.31) are known from the
preceding solution for sediment settling, deposition and resuspension. Terms containing
the sediment sorbed fraction divided by the sediment concentration in (8.30) and (8.31)

are given by

£ il
S ¢+ PS'+> PD’
i J

The diffusion step is given by
n+ n+ A
(HC)"™" —(HC)"™" = 60. (Ebo’?zcj

with boundary conditions

A, 1 j
_EBZC =((max(qw,0)+qdif)E(fw+zj:ijC]

SB

{(min(qw,o)—qd,_.f)q%[fﬁZfojC] : z2=0

(8.32)

(8.33)

(8.34)
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_ﬂgczo - oz=1 (8.35)
For the first layer adjacent to the bed
n+3/4
n+ n+ A
(HC)"™" ~(HC)™"” :ﬁ(—bo’gc)
A1 H 1+
n+1/2
0 0 J 1 Cn+3/4

+z(maX(qw, )4y )| | fo ¥ D fS P sB (8.36)

! J SB

+A£(min(qw,0)—qdif)((fw+2f5}LJ C1n+1/z

1 dep 1

It is noted that the bed concentrations are advanced to the n+3/4 intermediate time level
before the advance of the water column concentrations. While for layers not adjacent to
the bed,

n+3/4 n+3/4 (8.37)
(Hc)n+3/4_(HC)n+l/2_Ai(ﬂgzcj _Ai(%&zc]

k k -
1H k+ 1

The solution is completed by

n+l
k

n+3/4 — —97/(HC)”+1 (8.38)

(HC),  —(HC), .

an implicit reaction step.
Contaminant transport in the sediment bed is represented using the discrete layer

formulation developed for bed geomechanical processes. The conservation of mass for
the total contaminant concentration in a layer of the sediment bed is given by
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d,(BC), =—y(BC),

J.;BS Sl J;BSFi J
_5(k,kt)Z(max(B—SJ;,Oj+maX[W,Oj(fw+;fD jjkt (Bc)kt
—5(k,kt)2{min (—J égsif : ,OjC+min [—JggiFdleP ,o}( [+ ijJCJ

i dep

—5(k,kt)2((-’.253/1/;3u0))

i

_§(k,kt)2((l+€)max(§;f ,OJ(fW +Zf5D (BC),,

i | (8.39)
)
—((maX(qw,O)wdv)H—(nﬂn(qw,o)—qdv)k_)(w(ﬁv+Zfajl C),
stk (minta.0)-a,), [ £ )|
(1=t minla 00, ) o[ £ ZfDJ]“ (kcC),,
+(maX(qw’0)+qdzf)k( (f ZfDD“ (BC),
where
0 : k=kt (8.40)

O (k k)= {
1 @ k#kt

is used to distinguish processes specific to the top, water column adjacent layer of the
bed, k. Advective fluxes associated with pore water advection in (8.40) are represented
in upwind form. In the sediment bed, the actual computational variables for sediment,
contaminant, and dissolved material are their concentrations times the thickness of the
bed layer. Consistent with this formulation, the fractional phase components in the bed
are defined by
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(fw)ﬁ(BCij: ke

BC By+Y PBS'+) PJBD’
i J k
( j) 3 BCé B PDJBDJ (841)
P "\'BC ) | Bo+> PBS'+> PJBD’
i J k
(7)) - BCi) _ P/BS'
/e BC ) | Bp+) PBS'+> PJBD’
i i

k

The contaminant fluxes associated bedload sediment transport are determined as follows.
The net sediment flux from the bedload transport equation

mxmy‘];'BB =d, (myQ.é'BLx ) +J, (me;BLy ) (8.42)

is used to evaluate the flux associated with pore water entrainment and expulsion in
(8.25) and (8.40). The transport equation for material sorbed to the bedload is

8,{ (myQ;BLxZéBL ) + &x (me;BLyI;BL) = mxmyJéBBZ;BL (8.43)

Since the contaminant mass per sediment mass in the transport divergence corresponds to
conditions in the top layer of the sediment bed, (8.43) can be written as

oS oS o (8.44)
&x my QSBLx ? C + &x meSBLy ? C = mxmy JSBBISBL
and solved using an upwind approximation
mxmyJ;BZ;BL =
; fs , ; fs

max (mstm )E [S—SIC ) + min (myQSBLX)E S—SiC )

—max (m, Q4. ) LS:C —min (m, Q) (—SZ CJ
wis' ), vst ). (8.45)

+max (me;'BLy )N % C| +min (me;BLy )N (_S Cj
¢ N

—max (m,Q%, )S % C | —min(m 0}, )S (f—S, CJ
N C
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to evaluate the transport of bedload sorbed material between horizontally adjacent top
layers of the sediment bed.

Equation (8.39) is solved using a fractional step procedure consistent with that used for
the water column transport. Equation (8.41) is used to update the fractional distribution
in the bed between the settling, deposition, and resuspension step and the pore water
advection and diffusion step. The settling, deposition and resuspension step applies only
to the top layer of the bed and is

n+1/2 n
(BC), " —(BC), =

—QZ(max( SBSfS Oj+max(%,0j(fw+2fbiﬁ (BC)M/2

kt
n+1/2

_gz(mln( SBSfS OJC+MH(M OJ(f +ng}C}
Siep j e (8.46)
_QZ((J;BB/’K;BL’O))
_QZ((1+€)max (%,Oj(fw + ng D (Bc)n+1/2

kt

_92((1+€dep)min(%,0j[ﬁv +Zf;’jcj

S wc

This equation is solved simultaneously with equation (8.31) for the bottom layer of the
water column. The solution is represented by

(BC)! =03 (Jiptin)

{an alziH(BC)::m}_ i (8.47)

a a HC n+l1/2 . , n+1/2

21 2 ( ) A (HC n 1/4 02[(“’3 )+(fsj J C;+1/2
2

where the coefficients are given by
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. . . . n+1/2
1 1 1 Fl .
a, = 1+02(max (—JS;;{S ,0j+max (—J‘Zgi ,Oj(fw +Zf[‘)’ D
i J ki

. n+l1/2
+9§: (L+8)nmx(1ﬂ%30j[ﬁv+§:fgj
i Bps J
n+1/2

:—Z(mm[ SBSfS 0j+min(%,0](fw+2f0jj]

(s L 1 +szHﬂ,2

i S 1

P n+1/2 (8.48)
——QZ(max( SBSfS 0]+max(%,0j(fw+2fbi}]

kt

kt

n+1/2

J.;BB J
—92((1+€)maX(B—pé,OJ(fW+;ijll
L=A __Z[mn( SBSfS Oj+min(% j(fw+2f0]]

0 . J;BB j n+1/2
_EZZ((I-F(?)mln(p—;,Oj(fw +;fD J]l

Adding the two equations in (8.47) gives

n+1/2

(BC)n+l/2 A (HC)

. n+1/2
ol [§)] oot
1 2 1

=(BC), +A,(HC

)n+1/4

(8.49)

This equation verifies the consistency of the water column-sediment bed exchange since
the source and sinks on the right side include only settling into the top of the water
column layer, and transfer of bedload sediment sorbed contaminant between horizontal
sediment bed cells.

The pore water advection and diffusion step for the top, water column adjacent, layer is
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+6(min(g,,0) 4, ) _ (i[ 4> B (BC)™" (8.50)

which is an implicit form. Writing (8.36) in the form

A n+3/4
A (HC)™" =A,(HC)™ + e(ﬁ” &ch
1+

n+1/2

+6(max (q,.,0)+q, ) _ ((%B(f 21 D (BC),™" 8.51)

SB
n+1/2

+6(min(g,,0)-q,, )m (¢LH(fW+ZijD (HC)TH/Z

1

and combining with (4.49) gives

n+3/4
kt

(BC)

1 kt

n+3/4
+A,(HC)™" =(BC)™" + A, (HC)™" +9(% azcj

1+

‘ 1 . n+1/2 e (852)
+6(min(q,.0)~q, ), ¢—B{fW+ngj (BC)"

+0(max(g,.0)+4, ), (%B(fw +ZijD (BC),

kt—1

This equation verifies the consistency of the representation of pore water advection and
diffusion across water column-sediment bed interface since the source and sink terms on
the right side of (8.52) represent fluxes at the top to the water column cell and the bottom
of the bed cell.

The pore water diffusion and advection step for the remaining bed layers is given by
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(Bc)n+3/4 )n+1/2

n+1/2
~0(min(q,,0)—q,; "+(¢B(f +ZfDD (BC ZITM
n+1/2
1 n+3/4
-6(max (g,,0)+q,) . b—B(ﬁﬁZfDD (BC), (8.53)

+6’(min(qw,0 qdlf (gf)lB(f ZfDJJ (BC)! n+3/4

n+1/2
+0(max(qw,0)+qdlf)k( 1.+ Z 1l ] (BC)™"

For the bottom layer of the bed, k = I, the bottom, k-, specific discharge and diffusion
velocity must be specified as well as the total contaminant concentration, Cy. The
corresponding thickness of the unresolved layer, k = 0, is set to unity without loss of
generality. The system of equations represented by (8.49) and (8.52) is implicit and is
solved using a tri-diagonal linear equation solver. It is noted that the n+3/4 time level
layer thickness is actually the n+/ time level thickness determined by the solution of
(8.23). The specific discharges in (8.49) and (8.52) are given by (8.41) and represent
those appearing in (8.23) and guarantee mass conservation for the pore water advection.

The bed transport solution is completed by

n+3/4

(BC)!™ —(BC)™" =-@y(BC)" (8.54)

an implicit reaction step.
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