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Abstract In environmental hydrodynamics, the release of contaminant from sedi-
ments is one of the main problems. Based on a large number of experimental data
provided by water channel experiments, a coupled mechanical model of overlying
water, sediment and contaminant is established in this paper. The process of sediment
starting and contaminant release is numerically simulated under different velocity
conditions of overlying water. The quantitative relationships among velocity, particle
volume fraction, contaminant concentration, turbulent kinetic energy and time are
obtained by analyzing the relationship between flowfield characteristics and contam-
inant concentration distribution. The results show that contaminant is released rapidly
with the suspension of sediment particles and quickly reaches equilibrium concentra-
tions. When the flow field characteristics (Re) change, the contribution of convection
and turbulent diffusion to contaminant release process is different. Establishing a
quantitative relationship between hydrodynamic conditions and contaminant release
can provide support for constructing water pollution model in lake and reservoir
areas.
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1 Introduction

Thewater is considered to be a natural complex composed of water, dissolvedmatter,
suspended matter, aquatic organisms and sediment [1]. When contaminants enter
the water, they will deposit in the sediment, gradually enrich and make the sedi-
ment becoming a reservoir of contaminants. The hydraulic conditions are more
complicated in the estuary area. The endogenous release effect of the contami-
nated sediment is more and more obvious. The movement of the sediment with
the water flow is very complicated and has great randomness, and the contaminants
combined with sediment migrate along with the movement of sediment in water
body. On the one hand, the movement and transport of suspended sediment in the
water directly affects the temporal and spatial distribution of contaminants; on the
other hand, sediment becomes an important potential “source” or “sink” of contam-
inants as sediment deposits into the bed, and the mechanism of “source” and “sink”
will change under certain hydrodynamic disturbances and environmental conditions
[2–4]. Hydrodynamics is an important physical factor affecting the diffusion and
migration of sediments at the sediment–water interface. On the one hand, dynamic
flow enhances the diffusion and mixing ability near the sediment–water interface.
On the other hand, the shear stress and turbulence intensity of the sediment–water
interface flow will cause the re-suspension of polluted sediment, which will cause
a large release of contaminants to the water body. Previous studies on contami-
nants release from sediments have focused on relatively static waters such as lakes,
and systematic and in-depth analysis have been conducted. However, there are few
studies on the release law of sediment contaminants in hydrodynamic water, and
most of them are qualitative research. The lack of quantitative analysis can easily
lead to the exaggeration or underestimation of the re-suspension release of sediment
contaminants. In order to understand the physical process and influencing factors of
re-suspension release of contaminant, a coupledmechanical model considering over-
lyingwater–sediment–contaminant is established. The relationship between velocity,
turbulent kinetic energy and vertical distribution of sediment or contaminant under
different hydrodynamic conditions is studied. The relationship between contaminant
releasing flux and flow characteristics (Reynolds number) is obtained, and the effects
of convection and turbulent diffusion on contaminant release are obtained.

2 Problem Formulation and Solution Methods

2.1 Governing Equations

In this paper, suspended sediment is considered a suspension in the overlying water–
sediment–contaminant model. Based on analysis of many experimental data [5, 6],
the viscosity of this kind of suspension can be expressed as a function of the particle
volume fraction. Therefore, it is considered that suspension (fluid-particle) has a
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single flow continuum with macroscopic properties (such as density and viscosity).
The hypothesis of the model is as follows: (1) The density of each phase is approx-
imately constant. (2) Both phases share the same pressure field. (3) The particle
relaxation time is short compared to the time scales of the macroscopic flow.

The mixture of density and viscosity are respectively given by,

ρ = (1 − ϕ)ρ1 + ϕρ2 (1)

μ = (1 − ϕ)μ1 + ϕμ2 (2)

where ρ1,2 and μ1,2 are the density and viscosity properties of fluid and particle
respectively, ϕ is the particle volume fraction.

Considering that the suspension can be treated as a continuous medium, the flow
is governed by incompressible mass and momentum conservation equations, which
require that:

∇(ρu) = 0 (3)

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇ p + ∇ · τ + ρg (4)

Here, u is the velocity field, ρ is the suspension density, t is the time, p is the
pressure field, τ is the sum of the viscous and turbulent stresses, and g is a body force
per unit mass. The τ is written as for a generalized Newtonian fluid, such that τ =
μγ , where μ is the suspension viscosity and γ = ∇u + ∇uT . In order to close the
governing equations, the k-ε two-equation formulations are adopted, σ k = 1.0, σ ε

= 1.3, Cε1 = 1.44, and Cε2 = 1.92.
The transport equation for the particles in the flow is ruled by,

∂ϕ

∂t
+ u · ∇ϕ = −∇ · Nϕ (5)

where Nϕ is the total diffusive flux of particles.
The transport equation for the contaminant concentration in the flow is ruled by,

∂c

∂t
+ u · ∇c = −∇ · N + R (6)

where c is the relative concentration and is a dimensionless value, N is the total
diffusive flux of concentration,R is a source and sink expression, and u is the velocity
field.

The viscosity of a particle suspension is usually written as a function of the local
particle volume fraction [6, 7, 9–11]. In this paper, the MPQ model [8, 9] is adopted
for suspension.
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μ = μ1

(
1 − ϕ

ϕm

)
(7)

where ϕm is the maximum packing concentration, which for solid particles is
approximately 0.62.

2.2 Geometry, Materials, Boundary Conditions and Initial
Conditions

Now, we consider the case of the particle suspensions flow through a water channel
under pressure-driven. In our previous experiments, the water channel was 0.25 m
wide and 3.0 m long, the water depth was set at 0.1 m, the sediment depth was set
at 0.08 m. The geometric model used in the numerical simulation is consistent with
the experimental size as Fig. 1, and set the left side of water–sediment interface as
coordinate origin. In the numerical simulation, the densities of overlying water and
sediment are 997 kg/m3 and 2650 kg/m3, respectively. The viscosity of the overlying
water is set to 1 × 10–3 Pa s. The sediment particle size (D50) is 0.03 mm and the
water content is 57.5%.

It is also needed to specify boundary condition; we assume that there is no slip
at the water channel wall and zero shear stress at the top surface for flow. For a
contaminant (NaCl) concentration calculation, the water channel and the top surface
are set to no-flux boundary conditions. We use periodic boundary conditions to the
left and right boundaries, i.e., equal velocity, equal concentration, equal volume
fraction, equal turbulence kinetic energy and equal turbulence dissipation rate.

For the initial conditions, we set the initial pressure to be related to gravity, the
initial velocity is set to 0, the initial particle volume fraction is set to 42.5%, the
initial relative concentration of the overlying water is set to 0, and the initial relative
concentration of the sediment is set to 1.

0.25m

0.10m

-0.08m

3.00m

Flow direction

Overlying water 

Contaminated sediment

Fig. 1 The geometry of water channel for pressure-driven flow
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3 Results

In recent years, the finite-element method (FEM) has developed rapidly and is
often used to solve the problem of partial differential equations (PDE) with specific
boundary conditions in solid mechanics and fluid mechanics. In this paper, the stan-
dard Galerkin finite-element discretization method is used to solve the flow field and
contaminant concentration field [12]. In particular, the momentum and turbulence
transport equations are dominated by convection and it is well known that a stan-
dard Galerkin discretization of such equations leads to oscillations in the solutions.
Hence, some form of upwinding is required to suppress these non-physical oscilla-
tions. Here, we use a Galerkin least-squares method as described by Hughes et al.
[13, 14]. The current study uses a structured grid system of 82,800 cells, which is
chosen after a series of grid independence tests.

Under different hydrodynamic conditions, the movement of sediment with water
flow is very complicated and has great randomness, and the contaminant will migrate
with the movement of sediment in the water. For quantitative analysis, we introduce
the concept of average velocity (U), average volume fraction (	), relative average
concentration (C) and average turbulence kinetic energy (K) as follows:

C =
∫ ∞
0 ucds

UH
; 	 =

∫ ∞
0 uϕds

UH
; U =

∫ ∞
0 u2ds∫ ∞
0 udz

; K =
∫ ∞
0 ukds

UH
; (8)

where C is the relative average concentration and is a dimensionless value, U is the
average speed (unit: m/s), K is the average turbulence kinetic energy (m2/s2), 	 is
the average volume fraction, u is the flow field velocity (unit: m/s), z is the vertical
height from water–sediment interface (unit: m), k is the turbulence kinetic energy
(m2/s2).

The vertical surface of the center of the overlying water in the geometric model is
selected as the research object. The average velocity of the overlyingwater during the
sediment starting is shown in Fig. 2. The average velocities of Case1-6 are 0.03 m/s,
0.08 m/s, 0.13 m/s, 0.23 m/s, 0.35 m/s and 0.50 m/s, respectively. In the initial stage
of sediment starting, the average velocity of different cases is very small. With the
increase in time, the average velocity of water increases rapidly and reaches a stable
speed in a short time.

The vertical distribution of particle volume fraction of sediment at different time
is analyzed by using Case 3 and Case 4 data, as shown in Fig. 3. At the initial stage
of sediment starting, the distribution of particle volume fraction is similar under
different velocity conditions. With the increase in time, the particle volume fraction
in overlying water increases rapidly and reaches the same stable value in 2 min,
which is consistent with the experimental phenomena. The vertical distribution of
sediment particles varies in physical process due to their different properties. For
fine sediment (D50 = 0.03 mm), the spatial structure of sediment is uniform. The
balance between upward suspension and downward deposition of sediment leads
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Fig. 2 Velocity changes with time during sediment starting
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Fig. 3 Vertical distribution of particle volume fraction during sediment starting at different times

to the distribution equilibrium of particle volume fraction. When the hydrodynamic
conditions are constant, the equilibrium will not be broken. Considering that the
deposition velocity of fine sediment is a function of volume fraction, the deposition
velocity is smaller than that of coarse sediment, so the distribution of particle volume
fraction along water depth is more uniform.

The sediment particles rapidly entering the overlying water have an impact on the
flow characteristics of the overlying water and affect the release of contaminant. Data
of Case 1, Case 3, Case 4 and Case 5 are selected to analyze the relationship between
average turbulent kinetic energy, relative average concentration of contaminant and
time at different velocity. Because of the small deposition velocity of fine sediment,
the volume fraction of fine sediment quickly reaches equilibrium and remains stable.
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Contaminant in pore water also enters the overlying water rapidly and reachws the
same equilibrium concentration soon. It is noteworthy that the average turbulent
kinetic energy reaches its peak value after the starting of fine sediment, then decreases
rapidly and gradually reaches a stable level over time. As the flow velocity increases,
the turbulent kinetic energy increases, and the time for the contaminant to reach
equilibrium decreases in the overlying water. During the process of contaminant
equilibrium in the overlying water, convection and turbulent diffusion have made
their respective contributions (Fig. 4).

When the adsorption and desorption of fine sediments are not considered, convec-
tive and turbulent diffusion have different effects on the process of contaminant
balance in the overlying water. Analysis of the overlying water contaminant to reach
the equilibrium, the relationship between the flux (total flux NT, convective flux NC,
turbulent diffusion flux ND) and water flow characteristics (Reynolds number) is
shown in Fig. 5. For non-adsorbed media, the total flux of the contaminant increases
linearlywith the velocity, that is, with theReynolds number increasing linearly.When
the Reynolds number is small (0 < Re < 35,000), the contribution of convection and
turbulent diffusion is basically the same during the diffusion of contaminant. When
the Reynolds number is large (Re > 35,000), the contribution of turbulent diffusion
decreases rapidly, and the contaminant diffusion is mainly dominated by convection.
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Fig. 4 The curve of average concentration, turbulent kinetic energy and time
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Fig. 5 Curve of contaminant release flux and Reynolds number

4 Conclusions

The re-suspension release process of sediment contaminant is a coupling process
consisting of overlying water, sediment and contaminant. The complex flow field
characteristics after sediment starting are the main influencing factors for the release
of contaminant from sediment re-suspension. The fine sediment is susceptible to
the effect of water flow. When re-suspension, the sediment particles volume frac-
tion in overlying water reach equilibrium in short time (<2 min) and remain stable,
because of uniform spatial structure and small deposition speed. The sediment parti-
cles rapidly entering the overlying water have an impact on the flow characteristics
of the overlying water and affect the release of contaminant. The average turbulent
kinetic energy reaches its peak value after the starting of fine sediment, then decreases
rapidly and gradually reaches a stable level over time. As the flow velocity increases,
the turbulent kinetic energy increases, and the time for the contaminant to reach equi-
librium decreases in the overlying water. Convection and turbulent diffusion have
different effects on the contaminant equilibriumprocess in the overlyingwater.When
the Reynolds number is small (0 < Re < 35,000), the contribution of convection and
turbulent diffusion is basically the same during the diffusion of contaminant. When
the Reynolds number is large (Re > 35,000), the turbulent diffusion contribution
decreases rapidly, and the contaminant diffusion is mainly dominated by convection.
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