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Abstract Vertical distribution processes of sediment con-
taminants in water were studied by flume experiments.
Experimental results show that settling velocity of sedi-
ment particles and turbulence characteristics are the major
hydrodynamic factors impacting distribution of pollutants,
especially near the bottom where particle diameter is similar
in size to vortex structure. Sediment distribution was uniform
along the distance, while contaminant distribution slightly
lagged behind the sediment. The smaller the initial sediment
concentration was, the more time it took to achieve a uniform
concentration distribution for suspended sediment. A con-
taminants transportation equation was established depending
on mass conservation equations. Two mathematical estima-
tion models of pollutant distribution in the overlying water
considering adsorption and desorption were devised based on
vertical distribution of suspended sediment: equilibrium par-
tition model and dynamic micro-diffusion model. The ratio
of time scale between the sediment movement and sorption
can be used as the index of the models. When this ratio was
large, the equilibrium assumption was reasonable, but when
it was small, it might require dynamic micro-diffusion model.
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1 Introduction

Sediments have a very important influence on the enrichment,
migration, and transformation of pollutants in the water envi-
ronment [1,2]. On the one hand, sediment particles act as a
“sink” of contaminants, on the other hand, they can be a
potential source of pollutants [3]. The main components of
the suspended sediments are fine-grained particles of large
specific surface area, which is the main pollutant transport
carrier [4,5]. The interaction between sediment and pollu-
tant mainly occurred on two interfaces. One is the surface of
sediment particles, which reflects the adsorption and desorp-
tion effect [6,7]. The other is the sediment—water interface,
controlling the material diffusion and exchange between the
overlying water and sediments, and also the main place where
pollutant transformation occurs in rivers, lakes, and sedi-
ments [8,9].

The extent of pollutants in desorption and release rate from
sediment will directly lead to the change of pollutant concen-
tration in the water body [10-12]. Meanwhile, the sediment
concentration is controlled by the fluid hydrodynamics. The
pollutants in sediments are divided into the particle state
(solid phase) and water state (liquid phase), between which
there is a dynamic equilibrium [13]. This equilibrium state
will be broken when sediment particles from the bed surface
are washed into the overlying water and mixed with the water
flow, which is placed in the water environment with a low-
concentration of pollutants [3]. However, the residence time
of particles suspended in the water column is much shorter
than that of pollutants desorption. So it is difficult to establish
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the mathematical model of pollutant concentration variation
in the overlying water [14]. The main difficulty lies in sedi-
ment desorption—adsorption behaviors and are influenced by
many factors, such as contaminant characteristics, particle
properties, sediment transport, and flow turbulence. As men-
tioned above, the time scale of desorption is far more than the
sediment movement and is very sensitive to the experimental
conditions [15]. Vertical pollutants distributions are closely
related to suspended sediment. Different sorption capacity of
sediment contaminants, particle sizes, and turbulence may
cause kinds of spatial distributions. How to get suspended
pollutant distribution through suspended sediment distribu-
tion is worth studying.

In order to study the migration process of sediment con-
taminants in water, the single factor method was used to study
the vertical distribution process of suspended sediment in the
uniform flow. Characteristics of phosphorus adsorption and
desorption from the sediment particles based on two esti-
mation models in water were studied by using two different
flumes. The circular flume experiments were carried out to
meet the specific requirements of the water flow condition
and the time scale of desorption.

2 Materials and methods
2.1 Sediment sampling

Sediments were collected in situ from Dianshan Lake and
Suzhou Creek in Shanghai, China (Fig. 1). Particle diame-
ter was measured by a laser particle size analyzer. In these
experiments, the organic matter and other impurities need
to be removed firstly from the sediment samples containing
pollutants, and the specific methods are prescribed in accor-
dance with Ref. [16].

2.2 Test apparatuses and method

Suspended sediment movement simulation experiments were
conducted in an annular flume and a straight flume. The
annular flume can change distance parameters into time
parameters to ensure the infinite length of hydraulic condi-
tions for deposition distance requirements of the fine particle
sediment, and it will not disturb the flocculation structure
and vertical distribution of sediment concentration [17,18].
Straight flume provides enough length for sediment settle-
ment along the distance. The annular flume and the straight
flume are illustrated in Fig. 2.

The annular flume is made of plexiglass with a diameter
of 0.6m (inner) and 1.0m (outer), resulting in a 0.2 m wide
channel. An annular lid fits inside the channel and touches
the water surface, rotating to cause a turbulent flow in the
channel. The relationship between flow velocity and shear
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Fig. 1 Map showing sampling site locations

ring speed can be determined by rate calibration. The straight
flume is a rectangular test section of 26 m in length, 0.8 m in
width, and 0.7m in height. Water flow was controlled by a
variable rotating speed pump and a tail valve. At the begin-
ning of the experiment, sediment samples were set on the
bottom of the channel, and the thickness was set as 3—5 cm
to provide sufficient suspended particles. Shear ring speed
was adjusted to produce the required velocity until the ver-
tical distribution of sediment concentration was stable. The
amount of sediment suspended at a certain velocity was set
as initial sediment concentration. Three water sampling ports
were arranged in an in-line array. Phosphorus concentration
in water was measured by a 722 N visible spectrophotome-
ter [16]. An intelligent flow meter was used to measure the
flow rate. Turbidity meter was used to measure the sediment
concentration. The experimental flume conditions and the
characteristic values are shown in Table 1.

3 Theoretical models for suspended sediment
transport

In natural rivers, the molecular diffusivity D,, is much
smaller than the eddy diffusivity E(z, t), assuming source
term R(c, z,t) = 0, yielding the suspended sediment trans-
port equation

ac(z, t) d ac(z, t)
Wy 81 + & (E(Zv t)8—z> ) (1)

dc(z, 1) _
ar

where c¢(z, t) is the sediment vertical concentration, wy is the
particle settling velocity, and D, (z, t) is the eddy diffusivity.
It can be seen from Eq. (1) that the principal factors affecting
the vertical migration and distribution of suspended sediment
are the particle settling velocity and the eddy diffusivity.
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Fig. 2 Schematic locations of the annular flume and the straight flume
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Table 1 Velocity, sediment concentration, and pollutant concentration in characterized region

Flume Initial Water Median Mean Sediment concentration (g/L) Pollutant concentration (mg/L)
type sediment depth (m)  diameter  flow rate T T z z z .
content (g/L) (mm) (m/s) w=0l #=05 #=09 w=0l #=05 #=09
Annular-1 0.5 0.2 0.02 0.15 1.563 0.781 0.391 1.515 1.507 1.441
Annular-2 1.5 0.2 0.02 0.15 0.586 0.391 0.195 3.580 3.442 3.169
Annular-3 0.5 0.2 0.03 0.15 - - - 0.21 0.15 0.13
Straight-1 0.5 0.5 0.1 0.43 0.1 0.05 0.02 - - -
Straight-2 0.5 0.5 0.025 0.48 0.1 0.07 0.06 - - -
3.1 Particle settling velocity -
ws = 1.044 | 2" 44, 3)
Y

The particle settling velocity is influenced by its geometry,
sediment concentration, and temperature. Assuming that the
single particle is spherical with a diameter d, its settling
velocity can be written as Ref. [19]

wy = \/(01§>2 +

where y and y; are the specific weight of water and particle,
respectively, v is the fluid kinematic viscosity, d is the particle
diameter, c1 and c; are the empirical coefficients. When ¢; =
13.95 and c; = 1.09, Eq. (2) meets the requirements of lami-
nar flow zone, turbulent zone, and transition zone simultane-
ously. When d is small enough, Eq. (2) can be simplified as

v
d— 'R
8 Cld

Vs —V

@)
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Fine-grained particles in the water body tend to be in
the form of a flocculation during migration in water. Fractal
dimension D  can be used to describe the particle aggregates
as follows [20]

V =CLPr, )

where V is the particle aggregate volume, C is a constant, L
is the characteristic length, the maximum length of a particle
in general.

Then aggregate effective density p s can be represented as
(20]
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Fig. 3 Comparison of eddies and particles at different location in water

dy Ds-3
pf—p=(r—p) <7> : (&)
where p represents the water density, dy is the aggregate
diameter.

Substitute Eq. (5) into Eq. (3), and the aggregate settling
velocity w;y can be written as

df Dy—1
oy = 10440, (L : ©)

where wy is the settling velocity of single particle. From
Eq. (6) we can see that aggregate settling velocity increases
with the increasing of the diameter. The fractal dimen-
sion in Eq. (4) varies with time and space, which can be
neglected in the flow of low turbulence intensity in the prac-
tical application. As fine-grained sediments settle in the form
of flocculation structure, whose fractal dimension is gener-
ally taken as 2-2.5(Dy = 2 in this paper).

3.2 Eddy diffusivity

Turbulent flow will be in the formation of many large and
small eddies, the large eddy store energy and transfer energy
to the intermediate and small eddy [21]. If the particle size
is smaller than this eddy in the turbulence, the particle will
remain in suspension [22]. In the turbulence, the particles can
be spread in the action of the vortex, and the micor-scale eddy
causes shear force between particles. Eddies in the same size
of particles make the most effective particle interactions (as
shown in Fig. 3) [14].

An eddy that is smaller than the particle size will not take
the movement and only affect the pollutant transport con-
dition near the surface of the particles in the surrounding
water. In the near bottom region, the eddy diffusion coeffi-
cient is related to the surface shear stress and the distance
to the bottom surface. When the generation and dissipation

of turbulent kinetic energy balance one another locally, then
[20]

0<z<4,
§ <z <8,

KUsZ,
Kty Op,

E(z,1) = { @)

where u, is the friction velocity, § is the height above bot-
tom, §j is the beneath boundary layer [20]. « is the Karman
constant (¢ = 0.4). When eddies are the same size as parti-
cles,d =6y = uiv/(ijf). From Eq. (7), we can see that
the eddy diffusion coefficient depends not only on the turbu-
lence, but also the sediment surface roughness and particle
movement in the water.

3.3 Verification of vertical transport equation of
suspended sediment

According to the experimental conditions, particles with
diameter less than 0.063 mm accounted for 80% of the
amount. Settling velocity of the reference particle with diam-
eter d, = 0.063 mm was calculated by Eq. (3). When
sediment particle size is larger than 0.03 mm, flocculation
phenomenon may be not observable, thus particle diame-
ter can be considered equal to that of the reference particle
[22,23], then flocculation settling velocity can be obtained
as wyr = 1.77 x 1073 m/s according to Eq. (6).

From diffusion equation for suspended sediment trans-
portation and the linear distribution of flow shear force in
open channel, vertical distribution of sediment reaches an
equilibrium state at [14]

C (H—Z 8f

C_(Sf: Z H—8f

ws/(Ku*)
) . (8)
Substitute § f = 0.026 m[14],C,gf =0.5g/L,wsy = 1.77x
1073 m/s,H =0.2m,andu, = 1.2x 1073 m/sinto Eq. (8)
yields

7.5
C(z)=3x10"" <%—1> . 9)

Z

In order to verify the application scope of Eq. (9), theo-
retical values were compared with the experimental results
carried in the long straight flume by substituting related
parameters into Eq. (9) as shown in Table 2.

The results arrive at

0.5 0.1
C(z) =043 (— - 1) for d, = 0.025 mm, (10)
z

and

0.5 13
Cx)=3x107" <— — 1) ford, =0.1mm. (11

Z
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Table 2 Related parameters in Eq. (8) for the experiments carried in long straight flume
dy (mm) Wy (m/s) wyy (m/s) 3y (m) Cs, (g/L) H (m) uy (m/s)
1 0.025 0.56 x 1073 0.56 x 1073 0.086 0.5 0.5 0.015
2 0.1 8.98 x 1073 8.98 x 1073 0.001 0.5 0.5 0.015
Lo laminar flow pattern, and the particle settling velocity is rel-
B Experimental data (x=1 m) .
1 o Exvori | data (=3 atively large.
0.8 [\e m xperimental data (x=3 m)
’ " Theoretical data
hdh SO R x=distance from suspension pot
<o T e 4 Two models for estimating contaminant
N ° - concentration distribution
04r e [ ]
- * . Numerous studies suggest that adsorption process is a com-
2 [ ] . . .
plex process, including the fast adsorption and slow adsorp-
[ ] u . . . . .
00 . . . . tion [24-28]. Similarly, desorption is also fast firstly and
'0.00 0.05 0.10 0.15 0.20 then tends to be slow. In the “two- step adsorption/desorption

Sediment concentration (g-L'])

Fig. 4 Comparison of theoretical and experimental results in verti-
cal sediment concentration distribution with sediment particle size of
0.025 mm
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Fig. 5 Comparison of theoretical and experimental results in verti-
cal sediment concentration distribution with sediment particle size of
0.1mm

The results of Egs. (10) and (11) are compared with the
experimental results in Figs. 4 and 5.

From Figs. 4 and 5 we can see that the sediment concen-
tration near the bottom decayed very fast along the distance.
As the particle size decreased, suspended sediment concen-
tration took longer to reach equilibrium during the vertical
distribution process. This may be because the particle set-
tling velocity depends on its size, larger particles have higher
deposition rate, resulting equilibrium concentration along the
shorter horizontal distance. Theoretical values are calculated
by using Eq. (9) were not in good accordance with experi-
mental values in the area close to the water surface, especially
for particles of d, = 0.1 mm. It may be linked to the drag
coefficient of the coarse particles as Eq. (9) derivates in the

@ Springer

model”, one of the explanations is that there is a very rapid
physical adsorption stage, followed by a slow adsorption and
transformation of chemical changes; the other is that the
adsorption/desorption occurs first on the surface of the sedi-
ment particles, and then in the internal pore structure of the
sediment particles [26]. In this paper, the second explanation
was used to build the adsorption and desorption model.

Total contaminant concentration C; (mg/L) is defined as
the sum of the particulate C,, (mg/L) and the dissolved phase
C4 (mg/L) concentrations [14],

C,=Cp+Cy. 12)

As Cy, is set to the sediment concentration (mass sediment
per unit volume of water, (g/L)), Cy is the concentration in
the solid phase (mass compound per unit of solid, (mg/g)),
then C,, = C,,Cy, the partition coefficient K, can be defined
as

K,,=&= S
Cs  CnCy

(13)

At present, the mathematical description of the “two-step
adsorption and desorption model” can be used in two ways.
The first is the equilibrium partition model, and the second
is the dynamic micro-diffusion model, in which sediment
sorption is considered a “diffusion” behavior. Then the above
two models are used to predict the concentration distribution
of pollutants in the overlying water as follows.

4.1 Equilibrium partition model

As mentioned above, the two-phase partition process of pol-
lutants in overlying water is a fast-easy step and a slow-hard
one. If adsorption/desorption equilibrium is reached at once
when the sediment pollutant is suspended and enters the
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Table 3 Fitting parameters of the Langmuir model for desorption equilibrium experiments

No. Sediment Langmuir model parameters Adsorption Desorption Partition
concentration rate kj rate kp coefficient
(kg/m?) b (mg/g) k (mg/L) (mgL/s) (mgL/s) K, (L/mg)
0.5 2.722 0.444 0.374 0.166 4.506
2 1 1.021 0.236 1.113 0.261 4.264
water without considering the sediment inner pore structure, 0.10 |
the simplest way to describe the adsorption rate and the des- g ! ®  Experimental data
orption rate is a first-order reaction. g 008 ¢ : ------- Theoretical data
The adsorption and desorption processes were fitted by ._g "
Langmuir adsorption isotherm equation (1) and Langmuir g 006+ !
adsorption kinetic equation (2), as shown below [27,28] § T
: Q“:ﬂ 0.04 | :
‘|
Noo = b—22 (14) g !
k4 Cx Z 002} n
A B .
dN u
rriln ki(b—N)—kyN, (15) 0.00 . - . . ,
0.0 0.1 0.2 0.3 0.4 0.5

where N and N, are the equilibrium adsorption capacities
per unit of solid sediment, C is the equilibrium concentra-
tion in water phase, b is the saturated adsorption capacity, k
is the rate constant of adsorption/desorption, k; and k; are
respectively the adsorption rate and the desorption rate.

Because of the linear relationship between the adsorption
flux and k1 Cy, also for the desorption flux and k>C, the
adsorption flux is equal to the desorption flux as k,C, ~
k 1 C d»> SO

ki
CunKp,=—. (16)
ko

The experimental results of the desorption equilibrium of
fine particles are shown in Table 3 [3].

When sediment particles are suspended, the adsorption
and desorption equilibrium processes between original sedi-
ment and pore water are broken, dissolved contaminants are
first released from sediment into the overlying water. Rebal-
ancing process of adsorption and desorption occurs between
the particle surface and the water body, contaminants come
from the released pore water and desorption from sediment
particles. Assuming that suspended sediment concentration
is saturated, the amount of dissolved pollutants in the water
body is described as

Cob C(z)b
Co = ob (2)
HK, K,

. (17)

Substitute the initial sediment concentration Co=0.5 g/L,
the partition coefficient K, = 4.506 L/mg, water depth H =
0.2 m, the saturated adsorption capacity b = 2.722 mg/g and
Eq. (11) into Eq. (17), the result was shown in Fig. 6.

The results in Fig. 6 show that the vertical distribution
of pollutant concentrations in the initial time could be well

Pollutant concentration (mg-L")

Fig. 6 Comparison of suspended sediment concentration from exper-
iments and partition model (straight flume-1)

fitted by the equilibrium partition model, but the pollutant
concentration near the bottom was too far from the esti-
mated model. There might be two reasons for this. The
first is that the “two-step adsorption and desorption model”
is an initial fast desorption process, and is well fitted by
the model. Second, when the sediment concentration near
the bottom is too high, the adsorption and desorption pro-
cesses between suspended particles are influenced by each
other. Moreover, some of the particles were in adsorption
non-equilibrium state, which first adsorbs pollutants, result-
ing in low pollutant concentration at the sediment—water
interface.

Combining Egs. (14) and (15), the change of pollu-
tant concentration in the overlying water is obtained and
illustrated in Fig. 7. From the results, it can be seen that
the vertical distribution of pollutants near the bottom has
a distinct concentration hierarchical structure, where large
deviation exists between the experimental and theoretical val-
ues. With increasing time, the theoretical value is still less
than the experimental one. This may be due to the increase of
time, uniform distribution of vertical sediment, and increased
potential sources in the upper layer. The difference between
theoretical and experimental values is smaller with time,
which indicates that although the adsorption and desorption
of sediment particles are complex, the theoretical derivation
can still describe the overall pollutants distribution process
in the overlying water.
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Fig. 7 Comparison of suspended sediment concentration variation
from experiments and equilibrium partition model (straight flume-1)

Particle core . Micro concentration

boundary layer

oc

Water film

Fig. 8 Microcosm in sediment particle surface

4.2 Dynamic micro-diffusion model

The parameters in Eq. (17) for describing the desorption
kinetics have to be determined by experiments. An effec-
tive diffusion parameter can be used to refer the adsorption
and desorption process based on the mathematical model,
which is a function of molecular diffusion coefficient, distri-
bution coefficient, pore structure, and particle density [22].
The model suggests that the pollutant desorption process
occurs in microscopic particles and pore water, as well as
between the particles and the macro water, as shown in
Fig. 8.

For a spherical particle of radius R, the mathematical
expression of these transport processes can be described as
[14]

0
F” {[=n) psK)p +n] C1 (1)}

1 9 2 aCy (r, 1)
= —— DT ——— 18
r2 or (r ot or ) (18)

where C (r, t) is the local volumetric water phase concen-
tration, n is the porosity, p; is the mass density of the
solid particles, r is the radial distance, Eq. (18) is valid for
0<r<R.

When turbulence is low intensity, an exterior boundary
layer of thickness L p limits of mass exchange between the

@ Springer

water and the suspended sediment. Transport process through
this layer is governed by

3C2 () 10 (ﬂDezw) (19)

ot T 29 or

Equation (19) is valid for R <r < R+ Lp.

Contaminant transport from inner particles to a water body
undergoes two different processes. At the particle-water
interface, mass conservation requires that there is no accu-
mulation of the diffusing substance, which can be stated as

Cl (I", t)'r:R: C2 (7‘, t)'r:Rs
0C; (r,t 0Cy (1, t
1L = De2L . (20)

n D,
or r=R ar r=R

Because the diffusion time scale is far larger than the sed-
iment transport, the entire diffusion process can be regarded
as a stable state. In reality, when a lot of contaminated sed-
iment is entrained in the water, people consented to what
extent the contaminant is desorbed while the sediments are
in suspension ignoring how the contaminant releasing into
the water. Boundary conditions associated with Eqgs. (18)
and (19) include zero flux at the center of the particle and the
diffusion layer is

aC
E(rvt)zov C(Rat):C(l’ C(R+LD1I):CUJ’
2n

where C, is the contaminant concentration in particle sur-
faces, C,, is the contaminant concentration in surrounding
water phase.

As to the stable diffusion, Eq. (18) can be expressed as

aCy (r,t
VZDeZ 2 (r ):0

ar 22)

Substituting the boundary conditions into Eq. (22), yields

R(R+ L
Cy(r,1) = —TD) (Cw — Ca)
R+LpCy, — RC
+( + D) w a' (23)
Lp

The transport flux J; for a single particle in unit time can
be expressed as

dc Cy—C
Ji = =Dp— -4nr? = —4nDoR(R + Lp)——
dr Lp

(24)

As mentioned above, when the particle size is equal to the
size of the turbulent vortex, the vortex affects the interaction
between the particles, and then
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Fig. 9 Comparison of diffusion mode, distribution mode, and experi-
mental value

Lp=L;=2R. (25)

Substituting Eq. (25) into Eq. (24), and rearrangement
yields

Ji = —6mDLR(Cy — Cy). (26)

Replacing the effective diffusion coefficient with the
molecular diffusion coefficient, particle aggression diam-
eter R is dyy / 2, overlying water pollutant concentration
C, = 0, and dissolved contaminants concentration C, =
Cy. Substituting the above equations into Eq. (26), pollu-
tants concentration distribution can be defined as

c 9 b
- @ Dy (27)
(L= myps + np 8%

J@) =) Ji(2) = e

i=1

Pollutant vertical distribution in the overlying water was
predicted by using Eq. (27), as shown in Fig. 9. From the
results, it can be seen that the diffusion model fitted well
with experimental results, and the diffusion model has a large
deviation between theoretical and experimental values. This
may be because the stable diffusion model ignored the time
for the sorption exchange.

As mentioned above, the main concern is to what extent
the contaminant desorbed to the water. Equilibrium assump-
tion may result in the wrong estimation of sediment release.
As the source of the sediment and pollutant transport in the
water environment system, the distribution of pollutants in
the water is of great importance [14].

An average resuspension time #, can be estimated simply
as the particle raised height § y above the bottom, divided by
settling velocity as

s
=L (28)

Wy

0.10
g ®  Experimental values
‘QE) 0.08 - —t/t,=0.1
£ " ---1,/1,=0.05
el
2 0.06F ——-1,/t,=0.01
g [
=
= 0.04F
153
Q
=)
8
.2 0.02F
a
000 L L L L L ]
0.0 0.1 0.2 0.3 0.4 0.5

Pollutant concentration (mg~Ll)

Fig. 10 A modified diffusion model considering suspended sediment
time

Suspended sediment particles undergo kinetic desorption
at a rate given by the inverse of a time scale to reach equi-
librium partitioning, z, (couple of hours for phosphorus).
The ratio (¢, / t.) indicates the degree to which equilibrium
partitioning assumption would be used. When this ratio is
large, the equilibrium assumption is reasonable, but when it
is small, the dynamic diffusion model needs to be considered.
Substituting ¢, / t. as a parameter into Eq. (28), the result is
shown in Fig. 10. We see that with the increase of ¢, / te,
diffusion model values are closer to the experimental values.

5 Conclusion

Many factors can influence contaminant transportation in
sediment; therefore, it is difficult to predict the distribution
of pollutant concentration in the overlying water. Settling
velocity and turbulent disturbance characteristics are the two
main factors affecting the vertical distribution of the sus-
pended sediment. Pollutants and suspended sediment have
a similar trend in the vertical distribution process, and the
vertical concentration of the suspended particles gradually
becomes smaller while phosphorus concentration is basically
synchronous. Two mathematical models of the release flux
established according to the adsorption and desorption effects
between pollutants and suspended sediment. The equilibrium
partition model is more intuitive considering the characteris-
tics of the pollutant itself, but there is a lack of description for
the specific physical processes. The dynamic micro-diffusion
model fits well with the diffusion process, but the prediction
value of the particles is too small due to neglecting of the dif-
fusion process in the particles and sizeable vortex influence
on the particles.
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