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Abstract

One of the main issues in environmental hydraulics is pollutant release from sediments. For instance, the strong affinity
between phosphorus and sediment permits most of the phosphorus to be adsorbed on the surface of the sediment particles
in rivers or lakes. Post sediment resuspension, phosphorus is desorbed from the sediment to the overlying water. The release
of phosphorus from the resuspended sediment is an important process in the secondary pollution of water. Herein, a coupled
mechanical model of the overlying water, sediment, and pollutant was established based on the experimentally gathered
data. Two types of sediment with different adsorption and desorption characteristics were selected to simulate the process
of sediment resuspension and phosphorus release under different hydrodynamic conditions. The simulation results were
subsequently used to analyze the relationship between the flow field characteristics and phosphorus concentration, from
which the relationships between velocity, particle volume fraction, turbulent kinetic energy, total phosphorus concentration,
desorbed phosphorus concentration, and time were elucidated. Based on the results, phosphorus is rapidly released into the
overlying water from the resuspended sediment, and it reaches a peak value in a short duration. Unlike the release process
of non-adsorption pollutants, hydrodynamic conditions and sediment properties play a crucial role in the phosphorus release
process. The turbulent kinetic energy rapidly increases with the flow velocity, whereas the desorbed phosphorus concentration
exhibits a certain relationship with the particle volume fraction and turbulent kinetic energy. In particular, the turbulent kinetic
energy increases the desorbed phosphorus concentration per unit time. Additionally, the time taken by the total phosphorus
concentration to attain its peak value is closely related to the characteristics of the flow field, whereas the amount of phosphorus
is closely related to sediment properties. Post sediment resuspension, the release of phosphorus shows the characteristics of a
centralized and massive release, which suggests that the total phosphorus concentration in the overlying water would change
in a short duration and cause secondary pollution in the water environment.
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1 Introduction

Considered to be a natural complex, a water body comprises
several elements: water, soluble substances, resuspended
substances, aquatic organisms, and sediment [1]. Pollutants
entering the water body deposit sediment that accumulates
over time to form a thick sediment layer containing differ-
ent pollutants, transforming the sediment into a reservoir of
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pollutants. When the sediment is resuspended under hydro-
dynamic conditions, the numerous pollutants constituting
the structure are released, causing secondary pollution in
the water body. This internal release of the contaminated
sediment becomes more pronounced when external pollu-
tion is controlled [2, 3]. Post sediment resuspension, the
transport and transformation of the pollutants closely resem-
ble sediment movement in the water [4]. On the one hand,
the movement of the resuspended sediment directly affects
the temporal and spatial distribution of the pollutants. On
the other hand, the sediment deposition becomes a poten-
tial “source” or “sink” of the pollution mechanism, which
changes under hydrodynamic disturbance and environmental
conditions [5, 6]. Phosphorus, an important biogenic ele-
ment in the water ecosystem, provides nutrition for algae,
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fish, and other aquatic organisms; it is one of the key fac-
tors contributing to the eutrophication of water. Two forms
of phosphorus can be found in natural water: (1) dissolved
phosphorus, which includes dissolved organic and inorganic
phosphorus, and (2) particulate phosphorus, i.e., the type
existing in phytoplankton cells or adsorbed on particulate
matter. Unlike other pollutants, phosphorus in water exhibits
a strong affinity with the surface of the sediment particles,
which causes most of it to get adsorbed on the surface. As
demonstrated in several monitoring results, the concentration
of adsorbed phosphorus is much higher than that of dissolved
phosphorus, rising up to as high as 90% of the total amount of
phosphorus in serious cases [7]. Therefore, understanding the
relationship among flow field characteristics, sediment prop-
erties (maximum adsorption capacity, adsorption strength,
and water content), and phosphorus release is necessary to
accurately describe the transport of phosphorus from resus-
pended sediment into the water environment.

Previous research on the release of pollutants from sed-
iment primarily focused on relatively static or low-velocity
water. Considering sediment to be porous media, the trans-
port of pollutants has been systematically analyzed by
coupling seepage and concentration fields. Zhu et al. [8] pro-
posed a material exchange that mainly occurs in 5-10 cm of
the sediment’s surface layer and demonstrated that the sedi-
ment can release a considerable amount of phosphorus from
pore water to the overlying water through hydrodynamic
action in Taihu Lake. Wang et al. [9-12] conducted a flume
experiment, based on which they formulated their release and
diffusion law of sediment pollutants; this law describes the
influence of sediment pollutants on water quality such as tur-
bidity, chemical oxygen demand, and biochemical oxygen
demand of the overlying water under dynamic flow condi-
tions (different water depths and flow velocities). However,
the traditional analysis of resuspended sediment has predom-
inantly centered around the interaction between sediment and
water flow [13, 14], and only few studies exist on the release
of pollutants after sediment resuspension. The primary meth-
ods used to examine the nature of pollutant release post
sediment resuspension include experimentations and moni-
toring, but the mechanism of hydrodynamic release requires
further research. Fetters et al. [15] experimentally resus-
pended metal-contaminated sediments from a site in Lake
DePue, Illinois (USA) and two sites in Portsmouth Naval
Shipyard, Maine (USA), claiming that a short-term (4 h)
sediment resuspension can mobilize metal in water, and the
amount of release can be related to the laws of hydrody-
namics, redox reaction, and biochemical reaction. Matisoff
etal. [16] reported that severe algal blooms in Lake Winnipeg
(Canada) could be attributed to an increase in watershed
nutrient loading, with considerable blooms being associated
with the suspended particles. However, they found that the
within-lake transport and fate of this nutrient fraction as well
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as the importance of internal loading via resuspension are
rather complex. For instance, the results of Matisoff et al.’s
study indicate that up to 7 cm of the nutrients remain actively
resuspended over a period of up to 23 years before incorpo-
ration into deeper sediments; additionally, they found that
the surficial sediments in Lake Winnipeg could serve as a
significant and active source of internal nutrient loading for
several decades. Lepage et al. [17] investigated the impacts
of the dynamics and quality of suspended particulate mat-
ter (SPM) during a flushing operation performed in 2012 on
three major dams on the upper Rhone River (France). They
showed that SPM concentrations during flushing reached an
average that was 68 times higher than that observed in the
flood events recorded between 2011 and 2016. The SPM con-
tamination was generally lower during flushing than during
base flow or flood; this could be because flushing only trans-
ports SPM obtained from the resuspended sediment, with
no autochthonous particles or eroded soil being transported.
Fang et al. [18] investigated the environmental impact of
heavy metal transport and transformation in Hangzhou Bay,
China, using a comprehensive model that integrates hydrody-
namics, sediment, and heavy metal transport to simulate the
accidental discharge of '37Cs. The model was also a useful
tool for predicting heavy metal transport and fate. Post sedi-
ment resuspension, the phosphorus pollutants were found to
originate from the dissolved and desorbed phosphorus of the
sediment particles.

The increase in resuspended particle concentration is usu-
ally visible, whereas the processes of phosphorus desorption,
dissolution, and release are often ignored. Based on this
premise, the total concentration of phosphorus can be easily
underestimated or overstated post sediment resuspension. To
understand the physical process and influencing factors dur-
ing phosphorus release, a coupled mechanical model of the
overlying water, sediment, and pollutant is established and
described herein. Moreover, the adsorption and desorption
processes of sediment are explored as they are useful in elu-
cidating the relationships among velocity, sediment volume
fraction, turbulent kinetic energy, total phosphorus concen-
tration, desorption phosphorus concentration, and time under
different hydrodynamic conditions. Subsequently, the effects
of the flow field and sediment characteristics on phosphorus
release are analyzed post sediment resuspension.

2 Phosphorus adsorption and desorption

The National Standard (HJ 670-2013) states that potassium
dihydrogen phosphate (KH,PO,) is the standard substance
for determining total phosphorus concentration. The weight
of KH,PO4 used in the experiment was accurately measured
at 4.3944+0.001 g using an electronic analytical balance. It
was dried in an oven at 110 °C for 2 h cooled to room tem-
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Fig. 1 Fitting curve for phosphorus isotherm adsorption

Table 1 Parameters of the Langmuir adsorption isotherm

Om (mg/g) K

Correlation coefficient

0.9668
0.9556 [7]

Sand1
Sand2 [7]

0.706
0.422 [7]

1.139
0.981 [7]

perature on the dryer, and then prepared into a 1000-mg/L
phosphorus standard solution by adding distilled water [19].

The two types of cohesive fine sediment selected were
Sand1, obtained from Suzhou River, and Sand2, from the
Guanting reservoir [7]. The turbid liquid was obtained after
mixing at the sediment concentration of 10 g/L, following
which the KH>PO4 solution was added to the resulting mix-
ture with different initial concentrations. Subsequently, the
turbid liquid was shaken in a constant-temperature shaker for
24 h. Next, the samples were centrifuged and filtered after
adsorption equilibrium was attained at 25 °C. Finally, the
PO4 concentration in the filtrate and the adsorption amount
of the unit mass sediment (mg/g) were measured. The Lang-
muir adsorption isotherm presented in Eq. (1) was used to fit
the experimental data of the phosphorus isotherm adsorption
obtained by sedimentation (Fig. 1):

_ OmKC

Qu= 1+KC’

ey

where Q, is the equilibrium adsorption capacity (mg/g), Om
is the maximum adsorption capacity (mg/g), C is the concen-
tration of P (mg/L) at equilibrium, and K is the adsorption
strength.

The parameters of the Langmuir adsorption isotherm
could be obtained by fitting the experimental data of the phos-
phorus adsorption isotherm (Table 1).

In general, three types of phosphorus adsorption modes of
sediment exist in any water body. They are listed as follows.

materials through certain electrochemical actions.

3. Exchange adsorption. Also known as coordination
adsorption, this process occurs when there is an exchange
between PO4 and the —H,O and —OH groups in the par-
ticles.

The physical adsorption and desorption of phosphorus via
sedimentation are often rapid and permissible under low-
activation energy. In contrast, the chemical adsorption and
exchange adsorption require high activation energy because
of the reactions involving chemical bond formation. There-
fore, the primary form of phosphorus adsorption is the rapid
physical adsorption of sediment particles.

3 Governing equations and numerical
models

3.1 Governing equations

Based on previous experimental measurements, the resus-
pended polluted sediment mainly includes fine sediment with
silt and clay, wherein>8% particles have diameters of less
than 5 wm. The median particle size Dsq of the polluted sed-
iment normally ranges within 25-50 wm, whereas that of
the surface sediment is <30 pwm. Herein, Dsg = 30 wm was
the representative particle size selected for resuspended sed-
iment. In the overlying water—sediment—contaminant model,
the resuspended sediment is considered a suspension because
of the sediment’s small particle size. By analyzing a consid-
erable amount of experimental data [20, 21], the viscosity
of the suspension can be expressed as a function of particle
volume fraction. Therefore, the suspension can be charac-
terized to exhibit single flow continuum with macroscopic
properties such as density and viscosity.

The hypothesis of the overlying water—sediment—contam-
inant model is as follows.

1. The density of each phase is approximately constant.
2. Both phases share the same pressure field.
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3. The particle relaxation time is shorter than the timescale
of the macroscopic flow.

Accordingly, the mixture of density and viscosity is given
by

p = —9¢)p1 +@p2 and 2

w=(1—@)u+eus, 3)

where p1, pp and @, o indicate the density and viscos-
ity properties of the fluid and particle, respectively, and ¢
represents the particle volume fraction.

Considering that the suspension can be regarded as a con-
tinuous medium, its flow is governed by incompressible mass
and momentum conservation equations represented by

V - (pu) = 0and )
ou
p<¥+u.vu>=—Vp+V-r+,0g+f, o)

where u is the velocity field, p is the suspension density, # is
time, p is the pressure field, 7 is the sum of the viscous and
turbulent stresses, and g is the body force per unit mass. The
term T can be expressed as a generalized Newtonian fluid,
such that T = py, where pu is the viscosity and y = Vu
+ Vu". The standard k—¢ turbulence model was adopted for
the flow-field simulations [22], and the model constants were
determined from the experimental data [23]: C|, = 0.09, o
=1.0,0,=1.3,Ce; =144, and Cx, = 1.92.

The transport equation for the particles in the flow is deter-
mined by

—+u-Vo=-V-Ny, 6)
ot

where N, is the total diffusive flux of particles This expres-
sion results from two different mechanisms: first, by a
flux sourced from the gradients in a particle—particle col-
lision frequency (N.), and second, by a flux originated

from the gradients in a suspension viscosity (N,,). These
fluxes are determined as N. = —K.a’¢V(y¢) and N, =
—K uaZVT‘/’zVu respectively, where K. and K|, are empiri-
cal diffusive-like coefficients, a is the particle radius, and y
is the local strain rate. Of these, N drives the particles in
the opposite direction of the gradients in the strain rate and
particle concentration, and N, allows particle migration in
the direction opposite to that of the gradients in suspension
viscosity. Furthermore, the suspension of neutrally buoyant,
non-colloidal, and spherical particles is considered, whereas
additional diffusive fluxes potentially attributed to Brownian
motion and sedimentation under the influence of gravity are
neglected.

Accordingly, the transport equation for the contaminant
concentration in the flow is given by

dc 5
§+u-Vc:DVc+R 7)

where the relative concentration c is a dimensionless value,
D is the diffusion coefficient, and R is the ¢ generated or
disappeared because of chemical reaction in unit time and
unit volume, which is both the source and sink term.

The viscosity of a particle suspension is normally
expressed as a function of the local particle volume fraction
[24-27]. Herein, the Maron-Pierce-Quemada (MPQ) model
[24, 25] was used for the suspension equation.

-2
MzM(l—(pi) , 3

where ¢, is the maximum-packing concentration, which for
solid particles is ~0.62.

3.2 Geometric model

Under the influence of gravity, the flow of suspended par-
ticles was considered in the water channel. The dimension
of the water channel used was the same as that used in the
author’s previous experiments: 0.25-m wide and 3.0-m long.
The water and sediment depths were set as 0.1 and 0.08 m,
respectively (Fig. 2).
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Fig.2 Schematic of the circulating water channel
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Fig. 3 Computational domain used in the simulation

Accordingly, the geometric model used in the numerical
simulation was consistent with the experimental size (Fig. 3).
The left side of the water—sediment interface was set as the
origin of the coordinate system, whereas the study object was
the middle section of the overlying water.

3.3 Boundary and initial conditions

In a flow field, the wall of the water channel is the no-slip
boundary denoted by.

u=0. )

In contrast, the top surface is the symmetrical boundary in
which the normal velocity and shear stress are both equal to
0, typically described as a combination of the Dirichlet and
Neumann conditions.

n-u=20
K—n-K)n=0 ) (10)

K = ,u[Vu + (Vu)T]n

Further, in particles and the contaminant transport field,
the wall and the top surface of the water channels are no-flux
boundaries denoted by.

n-(uc—DVec) =0
. (11)

n-(up—DVyp) =0

The periodic boundary conditions are used for the left and
right boundaries in the flow field, for particles, and in the con-
taminant transport field, wherein the velocity, concentration,
volume fraction, turbulence kinetic energy, and turbulence
dissipation rate are regarded as equal.

Here, the initial velocity is O, and the initial pressure is
related to the water depth as.

p = po+pgz, (12)

where po represents atmospheric pressure.

The sediment particle size D5y was 0.03 mm. The initial
particle volume fraction of the sediment was 42.5% in pore
water and 0 in the overlying water. Moreover, the phosphorus

Water-sediment interface

.

Bottom boundary

Fig.4 Schematic of the interface grid

concentrations in pore water and in the overlying water were
10 and 0 mg/L, respectively. Additionally, the phosphorus
adsorption on the particles reached both the saturation and
maximum adsorption capacities.

The densities of the overlying water and sediment were
997 and 2650 kg/m3, respectively, and the viscosity of the
overlying water was 1 x 1073 Pas.

Following the grid independence test, 82,800 elements of
the structured grid were used in the numerical simulation,
which were enhanced at the sediment—water interface and
the bottom boundary. As indicated in Fig. 4, there were 16
layers at the sediment—water interface and eight layers at the
bottom boundary (Fig. 4).

3.4 Numerical method

In this study, the finite element method (FEM) [28-30] was
used to solve the flow field and the particles and contaminant
transport field. A discrete version of the continuous model
equations was formed using the Galerkin FEM, which begins
by considering the weak form of the momentum equation
derived as the product of Eq. (5) with a vector-valued test
function w e H'(Q)? (where H'(Q) is the first Hilbertian
Sobolev space) and then integrating it over the domain €2
[30]:

9
/w-(p—u>dV+/ w - (pu - Va)dV
Q ot Q

= —/ w-(Vp)dV+/ w- (V- (uVu)dv. (13)
Q Q
+/ w'(pg)dV—/ w- (fHdV
Q Q

In this weak form, a solution to the velocity field u
eH'(Q)? is sought such that it is valid for all test functions
w eH(Q)3.

Further, discontinuous piecewise linear basis functions
[31] were assigned for the velocity field such that the solution
nodes were not shared between the elements as each element
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is essentially an independent problem. Within an element e,
the test function and solution can be defined by

N
WZZW/WJ'

Jj=1

N , (14)
w=y yru
k=1

where N is the number of velocity solution nodes in the ele-
ment e, and w; and uy are the values of the test function and
the solution at nodes j and k, respectively. The basic functions
¥ and ¥y are unity at nodes j and k, whose value is zero at all
other nodes. The pressure field p is required when finding the
coefficients uy. Thus, p can be calculated as a summation of
continuous piecewise quadratic basis functions [31] defined
by

N
p=>_Wip. (15)
=1

where pj is the value of the pressure field at node /, and ¥,
is the basis function that is equal to 1 at node / and 0O at all
other nodes.

The discretized momentum equation yields an N x N node
system of linear equations that could be assembled and solved
for the vectors of unknown coefficients # and p:

2
M=+ Au+ Kut Frepiu = Cp+b+ frign. (16)

where, M, A, K, and C represent the mass, advection, stress,
and gradient matrices, respectively. The matrix Fef contains
the left-hand side part of the drag term, whereas the vectors
b and f represent the buoyancy force and the right-hand side
part of the drag term, respectively.

The solution to the discretized momentum equation must
satisfy the discrete continuity equation. It can be derived from
the FEM as

N

> (clu-ri) =0, (17)

i=1

where the matrix CT acts as a divergence, and r is a surface
integral term through which Dirichlet boundary conditions
can be applied.

Following the pressure projection method [32, 33], the
solution process begins by considering the momentum equa-
tion that has been discretized in space using the Galerkin
FEM, and in time using the backward Euler method. The
primary steps of the method are briefly described as follows.
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1. Compute nonlinear approximations to the velocity fields
using the latest (best available) tentative solutions, u™ * 1
= 0u*™" + (1 — O)uy, 6 =0.5.

2. Make a “best guess” for p®™ by solving a pressure Pois-

son equation or using the most up-to-date pressure field

available.

Solve the discretized momentum equation to obtain u*.

4. If w* could not satisfy the continuity equation because
of an unsuitable p®" value, then determine the pressure
correction term Ap.

5. Correct u* to obtain u'™ by substituting the recently
determined Ap.

6. Use the new tentative velocities u**™ to provide the best
available solutions for all fields in the next iteration.

b

As soon as the desired Picard iteration limit or conver-
gence is reached, " * ! and p" * ! adopt the values of the final
tentative solution, and the time step is deemed complete. The
above solution procedure is repeated until a desired time limit
or steady state is attained.

4 Model validation

To validate the proposed model, the calculated values of the
non-adsorption pollutant concentration were compared with
the experimental results obtained for the overlying water
under different flow velocities. All non-adsorption pollutants
were extracted from the dissolved pollutants in the pore water
post sediment resuspension. By removing the changes in the
adsorption and desorption concentration, the accuracy of the
coupled mechanical model was verified more directly. Sand1
having 57.5% water content and 10 mg/L pollutant concen-
tration was used in the water channel experiment, in which
the water velocity and depth were adjusted by slowly adding
water and regulating the tail gate to allow the hydrodynamic
conditions to fulfill design requirements. Because of the short
time of pollutant release post sediment resuspension, the
measurement conditions of concentration were limited. The
measured concentrations were subsequently applied at 0.15
and 0 m/s. From the result of the pollutant concentration
analysis in the overlying water, the release characteristics
of the non-adsorption pollutants could be obtained post
sediment resuspension. In particular, the concentration of
non-adsorption pollutants was calculated under a set of four
different flow velocities 0.13, 0.23, 0.35, 0.50 m/s (Fig. 5).
Under the influence of hydrodynamic conditions, the con-
centration in the overlying water reached equilibrium in a
short duration (<2 min), which is consistent with the numer-
ical simulation results [10]. Furthermore, the pollutants were
released into the overlying water through molecular diffusion
in static water. Comparatively, post sediment resuspension,
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Fig.5 Comparison of concentration of non-adsorption pollutant
between simulation and experimental results

the release of pollutants in relatively-velocity water could
reach five times the concentration as that in static water.

5 Results

In the flow field, sediment particles move in an extremely
complex and random pattern. To quantitatively analyze such
movement, the center profile of the overlying water was
investigated using the proposed geometric model. The cross-
sectional average velocity (U), average volume fraction (@),
average total P concentration (C), and average turbulent
kinetic energy (K) were defined by the following system of
formulas,

U [J, u*dydz
[, udydz
b I, updydz
o UH (18)
C ffsucdydz
~ UH
_JJ; ukdydz
K=""Un

where U is the cross-sectional average velocity (m/s), @ is
the average volume fraction, C is the average total P con-
centration, and K is the average turbulence kinetic energy
(m?/s?), respectively.

Figure 6 shows the value of cross-sectional average veloc-
ity changing with time post sediment resuspension. In Cases
1-6, the average velocities were 0.03, 0.08, 0.13, 0.23, 0.35,
and 0.50 m/s. In the initial stage of sediment resuspension,
U was extremely small in all cases. Over time, it rapidly
increased, reaching a stable velocity in a short period. The
value of U in the aforementioned cases is listed in Table 1.

1.0 7
—0O— Casel
—O— Case2
0.8 1 —A— Case3
—v— Case4

064 —O—Case5

Ulm-s™)

t/min

Fig.6 Variation of average velocity over time post sediment resuspen-
sion

Figure 7 describes the vertical distribution of ¢ with
respect to time in Cases 3 and 4. Under different velocities,
the vertical distribution of ¢ was rapidly balanced with time,
attaining the same stable value or uniformity in a short period
(<3 min), which is close to the experimental demonstration.
Furthermore, the uniformity of ¢ distribution improved with
increasing velocity. For fine sediment (Dsg = 0.03 mm), the
spatial structure of sediment was relatively uniform and the
velocity of the suspension and deposition could easily reach
a balance to obtain the distribution balance of ¢. Accord-
ingly, the equilibrium could not be broken even when the
hydrodynamic conditions were assumed to be constant.

The complex process of phosphorus release in sedi-
ment is mainly influenced by the interaction between the
hydrodynamic characteristics and sediment properties. The
resuspended sediment particles initially affect the flow char-
acteristics, before contributing to phosphorus release. To
analyze the relationship between @, K, and time at differ-
ent velocities, the data corresponding to Cases 1, 3, 4, and
S5-were compared (Fig. 8). Under different velocities, the
@ of fine sediment attained equilibrium in a short duration
(<3 min), which could be attributed to the small sediment
size and the difficulty of deposition. Moreover, K rapidly
increased with increasing @ in the overlying water. Thus, a
faster U resulted in a higher K and a shorter duration for @
to attain equilibrium. For all cases, the value of U increased
by about 11.6 times, whereas the peak value of K increased
by more than 11 times. Additionally, as soon as the @ of the
sediment attained equilibrium, K similarly tended to equi-
librium. In the sediment resuspension process, the change
in K is closely related to the @ in water. The fine sediment
changes the flow field structure, thereby increasing K; con-
sequently, additional fine particles enter the overlying water
until @ reaches equilibrium.

The monitoring results of phosphorus in natural water
demonstrated that the amount of phosphorus adsorption is
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Fig. 8 Relationship between average volume fraction, average turbulent kinetic energy, and time

considerably higher than that of dissolved phosphorus. Con-
sidering the characteristics of phosphorus adsorption and
desorption, phosphorus adsorbed on sediment particles could
be rapidly desorbed and released post sediment resuspen-
sion. In practice, the amount of phosphorus in the overlying
water significantly increases, resulting in the secondary pol-
lution of water. Figure 9 shows the relationship of the average
total phosphorus concentration C and time in Cases 1 and
6 for Sandl and Sand2 with different adsorption charac-
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teristics. As could be observed, C varied over time. Given
different velocities, C attained equilibrium in a short dura-
tion (<3 min). Additionally, at a faster U, the time taken for C
to attain equilibrium was shorter. In both cases, the value of
U increased by nearly 15.6 times, whereas C increased only
slightly, by ~4.4% and~4.8%, in the water of Sandl and
Sand2. However, because of the different adsorption char-
acteristics of the two sediment samples, the difference in C
in the water exceeded 37%. Post sediment resuspension, U
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Fig. 9 Relationship between average total phosphorus concentration
and time

changed the time taken by C for attaining equilibrium, with-
out significantly increasing its value. Notably, the adsorption
and desorption characteristics of sand were an important fac-
tor that affected the amount of C in the water.

Because the physical adsorption and desorption of phos-
phorus on sediment are extremely fast and almost instan-
taneous, the effect of the dynamics of adsorption and
desorption can be ignored. Phosphorus adsorption is gener-
ally maximum in the initial time Qp,. Equation (1) evidences
that the desorption of phosphorus can be regarded as the dif-
ference between Qp, and Qy; thus, the desorbed phosphorus
concentration C| can be obtained in terms of @ and sedi-
ment density: dC} = p2 x AQ x d®. Figure 10 illustrates
the relationship between C] and C at different velocities,
with Sandl and Sand2 having different adsorption charac-
teristics. The O, of Sand1 was 1.67 times that of Sand2, but
no significant difference was observed in C}/C between the
two sediments. After the resuspension of different sediments,
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Fig. 10 Bar graph of C|/C at different velocities

the value of C; was>80% of C, whereas the concentration
of the dissolved phosphorus was <20%, which is consistent
with the monitoring results. Further, C}/C slightly increased
with increasing velocity, which suggests that the amount of C
mainly depends on Oy, and @, i.e., the adsorption—desorption
characteristics and water content. Herein, the water content
of the two sediments was 57.5%. As the water content was
increased to nearly 75%, Cj could be close to the concentra-
tion of the dissolved phosphorus. Typically, the value of C}
gradually decreases with increasing water content.
Subsequently, the effect of hydrodynamic conditions on
C1 and C were analyzed post sediment resuspension by com-
paring the data of Sandl and Sand2 in Cases 1, 3, 4, and
5. Figure 11 shows the variation of C and dC)/dt over time
in the sediment samples. As shown, the value of C in the
overlying water could attain equilibrium in a short duration
under different velocities. Note that the amount of C is closely
related to the sediment properties, and is less affected by the
velocity. Accordingly, the change in dC}/d¢ in both sediments
were similar. A faster U could accelerate the time taken by C
for attaining equilibrium while increasing the peak value of
dCy/dt. As soon as C attained equilibrium, dC/dt approxi-
mated to 0. In reference to Fig. 8, the change in dC/d¢ could
basically be treated the same as that observed in K. Thus, a
higher K would permit the entrance of more particles in water
in unit time, which elevates the value of dCy/dt. In all cases
in Fig. 11, an increase in the value of U was corresponded by
twice an increase in the peak value of dC/dt and a reduction
of about 2.3 times in the desorption release time. In general,
the water content of the sediment in rivers or lakes is<75%,
i.e., the phosphorus pollutants are primarily sourced from the
desorption release of the sediment post resuspension. With
increasing U, the sediment particles in the water increase,
producing a sharp increase in the value of C in the overlying
water, which reaches a peak shortly. Note that the phospho-
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rus release is characterized by a concentrated and massive
release. Post sediment resuspension, both the hydrodynamic
conditions and sediment properties play an important role in
the release process, enabling the total phosphorus concen-
tration to change over a short duration, which consequently
affects the water environment.

6 Conclusion

The strong affinity between phosphorus and sediment causes
majority of the phosphorus in the water to be adsorbed on
the surface of the sediment particles. Comparatively, the con-
centration of the adsorbed phosphorus is much higher than
that of dissolved phosphorus. Phosphorus enters the water
through desorption post sediment resuspension and becomes
a secondary water pollution source.

The water content of the sediment in rivers or lakes is
generally less than 75%, implying that the phosphorus pol-
lutants mainly originate from the desorption release from
the sediment. Herein, the desorbed phosphorus concentration
C1 in Sandl and Sand2 reached more than80% of the total
phosphorus concentration C. The desorption release dC/dt
was consistent with the change in K, i.e., with higher K,
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more, particles enter the water in unit time, yielding a greater
dC)/dt. Further, with increasing U, C rapidly increases in the
overlying water and reach a peak value in a short duration.
Specifically, the time taken by C to reach its peak value is
closely related to the characteristics of the flow field (i.e.,
velocity and turbulent kinetic energy), whereas its value is
closely related to the sediment properties (i.e., maximum
adsorption capacity, adsorption strength, and water content).

The coupling mechanism of the overlying water, sediment,
and pollutant is important in the phosphorus release from sed-
iment resuspension. Thus, herein, the coupled mechanical
model was used to establish and elucidate the relationships
among flow field characteristics, sediment resuspension, and
pollutant concentration, and to further explain the phos-
phorus release process from the sediment to the overlying
water. Post sediment resuspension, the hydrodynamic condi-
tions and sediment properties become crucial to phosphorus
release. The time taken by the total phosphorus concentration
for reaching the peak value is closely related to the hydro-
dynamic conditions, whereas the amount of phosphorus is
closely related to the sediment properties. Additionally, the
phosphorus release is a concentrated and massive release,
which can impact the water environment in a short duration.
Understanding this coupling mechanism in greater depth is
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significant for protecting the water environment and in pre-
venting and controlling water pollution.

Acknowledgements This work was financially supported by the Strate-
gic Priority Research Program of the National Key R&D Program
of China (Grants 2018 YFC1505500 and 2018YFC1505504), the Chi-
nese Academy of Science (Grant XDB10030303), and the National
Natural Science Foundation of China (NSFC) (Grants 11802313 and
11872117).

References

10.

11.

13.

15.

. Zhang, C., Yu, Z.-G., Zeng, G.-M., et al.: Effects of sediment geo-

chemical properties on heavy metal bioavailability. Environ. Int.
73,270-281 (2014)

Wang, D.-Z., Lin, W.-Q.: Study of flow augmentation and water
environment rehabilitation for Suzhou Greek. Mech. Eng. 27, 1-12
(2005)

Lin, W.-Q., Lu, S.-Q., Chen, Y.-Z.: An application of ecodynamic
model in evaluating eutrophication control measures for Dianshan
Lake in Shanghai. Shanghai Environ. Sci. 29, 1-10 (2010)

Yu, X.-Z., Zhong, D.-Y., Li, J.-X.: Review of studies on sediment
in water environment. J. Sedim. Res. 6, 75-81 (2004)

Cheng, P.-D., Zhu, H.-W., Wang, D.-Z., et al.: Numerical research
for contaminant release from un-suspended bottom sediment under
different hydrodynamic conditions. J. Hydrodyn. 25, 620-627
(2013)

Cheng, P.-D., Zhu, H.-W., Wang, D.-Z., et al.: Sediment rarefac-
tion resuspension and contaminant release under tidal currents. J.
Hydrodynam. 26, 827-834 (2014)

Chen, M.-H.: The phosphorus adsorption rule and surface micro-
topography change of sediment particle. Ph.D. Thesis, Tsinghua
University, Beijing (2008).

Zhu, G.-W., Gao, G., Qin, B.-Q.: Geochemical characteristic of
phosphorus in sediment of a large shallow lake. Adv. Water Sci.
14, 714-719 (2003)

Cheng, P.-D., Zhu, H.-W., Wang, D.-Z., et al.: Transport mecha-
nisms of contaminants released from fine sediment in rivers. Acta.
Mech. Sin. 31, 791-798 (2015)

Li, B., Zhang, K., Zhong, B.-C., et al.: An experimental study on
release of pollutants from sediment under hydrodynamic condi-
tions. Chin. J. Hydrodynam. 23, 126-133 (2008)

Zhu, H.-W., Zhang, K., Wang, D.-Z., et al.: Effects of particles and
pore water in release of pollutants due to sediment resuspension.
J. Hydrodynam. 26, 631-641 (2011)

Zhu, H.-W., Cheng, P.-D., Li, W., et al.: Empirical model for esti-
mating vertical concentration profiles of re-suspended, sediment-
associated contaminants. Acta. Mech. Sin. 33, 846-854 (2017)
Zhang, L., Zhong, D.-Y., Wu, B.-S., et al.: The convection-
dispersion equation and the mechanism of suspension in turbulent
open-channels. Chin. J. Theor. Appl. Mech. 45, 83-93 (2013)
Bai, J., Fang, H.-W., He, G.-J., et al.: Numerical simulation of
erosion and transport of fine sediments by large eddy simulation.
Chin. J. Theor. Appl. Mech. 49, 65-74 (2017)

Fetters, K.J., Costello, D.M., Hammerschmidt, C.R., et al.: Toxico-
logical effects of short-term resuspension of metal-contaminated
freshwater and marine sediments. Environ. Toxicol. Chem. 35,
676-686 (2016)

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Matisoff, G., Watson, S.B., Guo, J., et al.: Sediment and nutrient
distribution and resuspension in Lake Winnipeg. Sci. Total Environ.
575, 173-186 (2017)

Lepage, H., Launay, M., Coz, J.L., et al.: Impact of dam flushing
operations on sediment dynamics and quality in the upper Rhone
River France. J. Environ. Manag. 225, 109886 (2020)

Fang, H., Huang, L., Wang, J., et al.: Environmental assessment
of heavy metal transport and transformation in the Hangzhou Bay
China. J. Hazard. Mater. 302, 447457 (2016)

Ministry of Environmental Protection of the People’s Republic of
China. Water Quality-Determination of Orthophosphate and Total
Phosphorus-Continuous Flow Analysis (CFA) and ammonium
Molybdate Spectrophotometry (HJ 670-2013). China Environmen-
tal Science Press, Beijing, China (2013).

Stickel, J.J., Powell, R.L.: Fluid mechanics and rheology of dense
suspensions. Annu. Rev. Fluid Mech. 37, 129-149 (2005)

Hinch, E.J.: The measurement of suspension rheology. J. Fluid
Mech. 686, 1-4 (2011)

Launder, B.E., Spalding, D.B.: The numerical computation of tur-
bulent flows. Comput. Methods Appl. Mech. Eng. 3, 269-289
(1974)

Wilcox, D.C.: Turbulence Modeling for CFD, 3rd edn. DCW Indus-
tries Inc., La Canada Flintridge (2010)

Maron, S.H., Pierce, P.E.: Application of ree-eyring generalized
flow theory to suspensions of spherical particles. J. Colloid Sci.
11, 80-95 (1956)

Quemada, D.: Rheology of concentrated disperse systems and min-
imum energy dissipation principle. Rheol. Acta 16, 82-94 (1977)
Mendoza, C.I., Santamaria-Holek, I.: The rheology of hard sphere
suspensions at arbitrary volume fractions: An improved differential
viscosity model. J. Chem. Phys. 130, 044904 (2009)

Shewan, H.M., Stokes, J.R.: Analytically predicting the viscosity
of hard sphere suspensions from the particle size distribution. J.
Nonnewton. Fluid Mech. 222, 72-81 (2015)

Zhang, B.-Z.: The finite element method in fluid dynamics. China
Machine Press, Beijing (1984)

Ignat, L., Pelletier, D., Ilinca, F.: A universal formulation of two-
equation models for adaptive computation of turbulent flows.
Comput. Methods Appl. Mech. Eng. 189, 1119-1139 (2000)
Hughes T, Franca LP, Hulbert GM. A new finite element formu-
lation for computational fluid dynamics: VIII The galerkin/least-
squares method for advective-diffusive equations. Comput. Meth-
ods Appl. Mech. Eng. 73, 173-189 (1989).

Elman, H.C., Silvester, D.J., Wathen, A.J.: Finite elements and fast
iterative solvers: with applications in incompressible fluid dynam-
ics. Oxford University Press, New York (2005)

Cotter, C.J., Ham, D.A., Pain, C.C., et al.: LBB stability of a mixed
Galerkin finite element pair for fluid flow simulations. J. Comput.
Phys. 228, 336-348 (2009)

Chorin, A.J.: Numerical solution of the Navier-Stokes equations.
Math. Comput. 22, 745-762 (1968)

Gresho, P.M., Sani, R.L.: Incompressible flow and the finite ele-
ment method Isothermal Laminar Flow, vol. 2. Wiley, Chichester

(2000)

@ Springer



	Numerical simulation of phosphorus release from resuspended sediment
	Abstract
	1 Introduction
	2 Phosphorus adsorption and desorption
	3 Governing equations and numerical models
	3.1 Governing equations
	3.2 Geometric model
	3.3 Boundary and initial conditions
	3.4 Numerical method

	4 Model validation
	5 Results
	6 Conclusion
	Acknowledgements
	References




