SMS-618, Particle Dynamics, Fall 2003 (E. Boss, last updated: 11/3/2003)

Modeling of suspended sediment transport

How sediment moves...
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From: http://www.usask.ca/geology/classes/geol243/243notes/243week3b.html



What is sediment transport?

Why does sediment transport take place?

When does sediment transport take place?

Where does sediment transport take place?

Where is the sediment coming from?



Types of sediment transported:

Total sediment load

/ e

Wash load Bed material load
l o5
Moving as suspended load Moving as bed loa«

Today’s topic
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Flow field (‘physics’) Particle field (‘sedimentology’)

Properties of flow away from
pbottom boundary (wave, mean
current), and of the water (e.g. v).

Bed and wash material
characteristics (e.g. density, size
distribution, shape)

Within the BBL the two are coupled:
>tress on bottom due to flow imparts the force that resuspends particles.
-low is affected by added water density due to suspension of particles.
-low is affected by settling particles.

-low is affected by bottom morphology (e.g. ripples).



What information do we need to know to model sediment transport?

Flow field (‘physics’)

Particle field (‘sedimentology’)

Properties of flow away from
pbottom boundary (wave, mean
current), and of the water (e.g. v).

Bed and wash material
characteristics (e.g. density, size
distribution, shape)

Flow velocity (m s 1)
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z,and u.=(t,/p)"2. 1,=vdu/dz, p<u’'w’>
—> Two parameter fit to velocity profile.



Example: horizontal flow field in a bottom boundary layer

Ln:z

i Ln(z))

Slope ~ u./k
Intercept ~ u. Inz, /x



Predicting z, from D or u.. Knowing z,, BBL depth and u_, = u..
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Fic. 1. A plot of the qualitative changes observed in near-bed fluid dynamic behavior (roughness Reynolds
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Example: horizontal flow field in a bottom boundary layer

http://cvu.strath.ac.uk/courseware/calf/ CALF/bl/equations/eg5a.html
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Laminar

o

¢ Turbulent Turbulent boundary layer is more dissipative;
Applies more resistance to the flow.

v Sets up faster.

Velocity profiles for

Taminar and Turbhulent Flaw



-xample: horizontal flow field in a bottom boundary layer

ata for sand tracked by an epifaunal bivalve:
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Iiavily waves.

—ffects:
Changes the mean flow field.
Change bottom shear stress.
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Wave boundary layer is very shallow, 5~(4nvT)"2, for a 4sec wave, 6~0.7cm.
Orientation relative to mean current is important:

2 4 A 2 4
U rew = \/u*c +2u, U, COSP, + U,



- ildily, we et LO particics...

Rouse (1937) approach:

Conservation of particle mass (sources and sinks comes as BCs):

e (i.C)= ocC 0(u,C) 4 o(v,C) % o(w,C) _ .
ot ot Ox oy Oz

Assume no gradient in x and y, and divide into time-mean and fluctuations:

C=C G =it we

S S S

Equation for mean becomes:

o(w,C) @(WSEerS 'C') 4
oz Oz >




nRouse's (199/) approacn.

Convert Reynolds’ stress flux into (eddy-)diffusive flux:

o
Oz

Combining we get:

9 E@—Ksa—c =)
0z | 0z |
Issues:

W, is a function of sediment size, excess weight, and shape.
K, is not necessarily the same as that of the fluid.
Boundary conditions.



Rouse’s (1937) approach;

assume no net flux from top and bottom boundary (reduces to 1st order ODE).

Solution (up to a constant of integration, C(z,)):
Near the bottom:

K=xuz, Ki=aK, 32a2=20.3:

Defining R=w, /ku. we get:

C(z) w_sj-dz:_w_s 2 é(z)zizj”“

In—+=<=- 1 = =
nC(zl) OKU, Y Z KU, nz1 s C(z)) \ z,

21
This profile fits well lower 30% of BBL.

Higher up in the water column:

K =const.= axu.H 4,

111@: j-dz=— e (Z_Zl)—>C_”(z):(_7(zl)exp{—R(Z—Zl)}

WS

C (Zl ) : aKu*HB aKu*HBBL aHBBL

This profile fits well upper 80% of BBL.
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Figure 7.4 Semilogarithmic plot of the data of Figure 7.3.

~ Comparison with laboratory observations (See Allen, 20
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Figure 7.5 Double-logarithmic plot of the data of Figure 7.




’roblem with the Rouse equations near the bottom when
he sediment concentration is large.

Taylor and Dyer (1977) approach; Add effects of sediment concentration on
density. Let’s the eddy coefficient vary relative to that of the unstratified fluid.
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Where the Monin-Obukov-length, L, is defined as (based on shear stress and
buoyancy flux being the two fundamental processes):

B and y are constant (e.g. 4.7-5.2 and 0.74 respectively, Styles and Glenn,
2000) and z/L is termed the stability parameter.



Taylor and Dyer’'s (1977) approach; Add effects of sediment concentration on
density. Let’s the eddy coefficient vary relative to that of the unstratified fluid.

p'=z(psn_p°)c'n el el by
£ '00 n Lo
p=p{1+2(ps”_p°)@}po
n IOO
Since:
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Kgp'w

Assuming all sediment classes have the same density:

z Kg(PS —,00) Cn(Zo)

L = 3 Wsn
u*IOOIOs



Taylor and Dyer’'s (1977) approach; Add effects of sediment concentration on
density. Let’s the eddy coefficient vary relative to that of the unstratified fluid.

Denoting by 4= z/L (with f=5.2 and z/L from above) and Rouse number
R = WS,,,/Ku* and for small roughness length scale z,, close to the bed, where
K=«ku.z, the analytical solution for the flow and particle concentration is:

Ik,
ln(C(Z)jz—Rn lni+iln<l+ AR, [Zj —1|;
P (1-R)

n

b =R

U 7 1 AR > :

= A e 5] - ik
u(z) ~ nZO+Rn nJ +(1_Rn)( j
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Note that both flow and concentration field is affected and that for an unsorted
sediment there is a need to find a way to characterize the effect of all size classe:
on velocity (through R ), e.g.:

w=>Cw />C



Boundary conditions (needed when there is no continuous field data)

To solve the particle concentratlon equations we need to BCs.

EWC K@_C = ()
Oz Oz

The top BC is less important (in the limit of infinite ocean, C—>0 there. For shallow
waters specify no flux. Can incorporate flux from a productive ML if needed.

BC at (near) the bottom:

(

A < 7S
Concentration BC (S,=(ts" eo)/7en ): (5~ t):<Cn(5 ,t)1+° < 5, >0
;e 0 Yo% otherwis

A problem with this approach is that y, varies by 3 orders of magnitudes across
studies and by 2 orders of magnitude within a single study over a short time.



Boundary conditions

Flux BC:

—w C -K oc,

SN n S

:Jei(o_’t)+Jdi(O_’t)

z=0"

Jei(o,t):{CeSn R R W

0 otherwise

with C_ an empirically determined erosion rate coefficient and p,, the
probability that a falling particle makes contact with the bed and remains
there.

Two models for pn are used:

p,=1 for all shear stresses, in which case erosion balances diffusion in the
BC. The second model assumes:

1 = z-O /Tdn z-0 > z-dn
e — .
0 otherwise

The depositional shear stress of class n, z,,, defines the stress below which
sediment is able to remain on the bed after contacting it.



Boundary conditions

Because the eddy coefficient goes to zero at the boundary, there is no mechanism
lo raise the sediments into the water column, which, for the flux BC, provides
physical solutions only when p_=7and J,=0.

This problem is addressed in some models by adding a well-mixed near-bed layer
of thickness 6, where the eddy coefficient increases (convenient mathematically
but not observed).

Another approach is to incorporate injection of sediments from the bed at various
heights above the bottom (which are not resolved in the 1-D case and are the
result of averaging in x and y). In this case the conservation equation is

i oC, % 0 K. oC, +D
Q.7 i 07 0z

With, for example:

Z

D =A4 expl ——
n SN p 5

e

The BC condition in this case is that erosion equals deposition at the bottom.



Summary:

‘Momentum and material flux are not mutually independent.

*1-D steady state equation describe adequately observed
data when local data is used in parameter fit.

Current approaches almost always ignore aggregation
dynamics.

*High resolution data (velocity & size fractionated particles) is
lacking.

*Current approaches vary from a mix empirical fits to physical
approaches tuned with empirical data.
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