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ABSTRACT

Phosphorus (P) is one of the main substances to induce the eutrophication of water. The occur-
rence and migration of P in water are largely affected by the sediment. Although some studies
have investigated the adsorption/desorption characteristics of phosphorus by the sediment, how
the change of turbulence intensity affects the sediment flocculation and thus changes the desorption
characteristics of P is still unknown. Herein, a nearly turbulent multilayer grid vibration device
was designed and built to study the desorption characteristics of P by the sediment under different
turbulent conditions. Furthermore, the movement and variation of particle size of the sediment
that occurred in the event of turbulence have been investigated based on the images collected by
the image collection device. The result shows that the secondary pollution to reservoir water may
be induced by the sediment in the Three Gorges Reservoir deteriorating the eutrophication in the
Reservoir. The desorption flux of P will augment with the enhancing water turbulence, sediment
concentration and water temperature, where the turbulent diffusion influences the desorption of
P from the sediment significantly. With the increasing intensity of turbulence, more bottom sedi-
ment will be incipiently moved and suspended which will impel the desorption of P more obvi-
ously. As the intensity amplifies further, the median diameter of the sediment tends to ascend first
and then descend, and the variation of particle size caused by the flocculation and deflocculation
of the sediment will affect the desorption of P to some degree. However, the dominant factor for
the desorption of P is still the hydrodynamic condition, that is, the desorption of P elevates the
increasing intensity of turbulence.
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1. Introduction

The eutrophication of water has become a worldwide
major environmental problem in reservoirs, lakes and
coastal zones [1,2]. The sediment is the main substance
that interacts with phosphorus (P) in the water [3]. When
the external pollution is controlled, the desorption of P in
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the bottom sediment of the reservoir area will be the main
source of P in the water [4]. As an important indicator to
measure the flow conditions, the intensity of turbulence
has a direct impact on the state of sediment movement,
the concentration of suspended sediments, and the com-
position of sediment particles, which plays a crucial
role in the process of desorption of pollutants from the
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sediment [5,6]. However, only a few studies investigated
the influence of water turbulence on the desorption of P
from the sediment, and how the change of turbulence inten-
sity affects the sediment flocculation and thus changes the
desorption of P is still unknown.

The previous studies on the interaction between the
sediment and the pollutants like P were mainly performed
in a small oscillator with a great intensity of oscillation
to sufficiently blend the sediment particles with pollut-
ants in water [7-9]. The effects of temperature [10], pH
[11] and zeta potential [12] on the adsorption/desorp-
tion of P from the sediment were studied. However, the
hydrodynamic conditions in such small-scaled oscillators
are far from those of the natural water. It is impossible to
simulate the motion state of the sediment under the nat-
ural hydrodynamic conditions using such apparatus [13].
In addition, the sediment will show a flocculation or a
deflocculation under different hydrological conditions,
which has not been fully conducted up to date.

To research the movement of sediment and its effect on
the absorption and desorption of pollutants involving P by
sediments in water under the natural hydrodynamic con-
ditions, many previous researchers carried out the experi-
ments in wave flume [14], annular flume [15,16] or Plexiglass
cylinder [17]. However, the flow conditions produced by the
above apparatus were too simple to control the movement
state of the sediment accurately. It is difficult to implement
the real-time monitoring of the sediment particles, and to
establish the quantitative relation between the turbulence
intensity and the absorption or desorption amount of pol-
lutants. In this research, we have developed a set of appa-
ratus for the quasi-uniform turbulence simulation. Firstly,
the desorption flux of P from the original bottom sediment
in a small oscillator was carried out to assess the effect of
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Fig. 1. Sampling points.

P in the bottom sediment on the overlying water in the Three
Gorges Reservoir water. Then, using the apparatus for the
quasi-uniform turbulence simulation, the uniform isotropic
turbulence was generated in the cylinder through the multi-
layer vibrating grille to simulate turbulent flow of water with
different intensities. The real-time particle observation was
also established. Therefore, the moving state of sediment
particles and the desorption of P under various turbulence
intensities were studied to exploit the effect of flocculation
and deflocculation of sediments on the desorption of P.
The results in this study were essential for the adsorption/
desorption of pollutants from the sediment under various
hydrodynamic conditions in the Three Gorges Reservoir.

2. Materials and methods
2.1. Sediment sampling and treatment

The sediment samples were collected from the Three
Gorges Reservoir Area, Changshou District, Chongqing,
China (107°02°05.5"-107°05"33.5” E, 29°47°05.1"-29°49'04.4"N)
in May 2019 as the sampling points shown in Fig. 1. The
waterway of Changshou District was a typical curved
section of the Three Gorges Reservoir. The river bed bound-
ary was stable with cumulative sedimentation. The sam-
pling points were affected by various pollution sources,
including transportation activities, the urban runoff and
the sewage discharge from surrounding cities. After the
sediment samples were retrieved, they were screened and
then stored in refrigeration.

The pH of the sediment samples was measured by an
in-situ soil pH meter (Veinasa-pH, Veinasa, Mianyang,
China). Organic carbon, total P and total nitrogen were
determined by the potassium dichromate external heating
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method, the alkali fusion-molybdenum antimony spectro-
photometry and the Kjeldahl method respectively. The dis-
tribution of particle size of sediment samples was measured
by a laser particle size analyzer (SALD-3101, SHIMADZU,
Kyoto, Japan). The mineral compositions of sediment sam-
ples were measured by a X-ray diffractometer (XRD-6100,
SHIMADZU, Kyoto, Japan). The physical and chemical
characteristics of the sediment samples are shown in Table 1.

2.2. Quasi-uniform turbulence simulation apparatus

The apparatus for the quasi-uniform turbulence sim-
ulation was developed in the present study as shown in
Fig. 2. This set of apparatus consisted of eight parts, such
as the electric motor, the cylinder, the vibrant grille, the
camera and the computer, etc. The electric motor was set
at the top of the apparatus with an adjustable rotation fre-
quency. When the motor worked, the electric motor drove
the grille attached up and down to generate the turbu-
lence. The cylinder was made of Plexiglass with a height
of 200 cm, outer diameter of 30 cm and a wall thickness of
1 cm. 7 layers of grilles totally were installed in the cylin-
der with an interval (H = 25 cm) between each two layers.
The distance of the adjacent grille hole in each grille is 5 cm
with a grille porosity of 70%. These settings could produce
a stable and uniform turbulence field [18]. An observa-
tion chamber of sediment particles was set at the bottom
of the grille with a hole on the upper surface linking the
cylinder. The sediment observation apparatus consisted of
a CMOS camera, an annular LED, a crossed slid platform
with high precision, a tripod and a computer were applied
to record the images of sediment movements at various
turbulence intensities. The particle sizes of the sediment
were analyzed using the Image] (Fig. 3).
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The turbulent intensity produced by the grilles was
affected by the diameter of the cylinder, the spacing of the
grille, the amplitude and frequency. Given the constant cyl-
inder diameter and grid spacing, the turbulent shear rate
could be adjusted quantitatively by changing the vibration
frequency and amplitude of the grid in the experiment.

The 3D flow velocity in the grilles was measured using
Acoustic Doppler Velocimeter (16 MHz, MicroADV, SonTek,
San Diego, California, USA) under different conditions.
The relationship of the turbulence shear rate, the amplitude,

Table 1
Physical and chemical characteristics of sediment samples

Property Sediment samples

S1 S2 S3 S4 S5
pH 743 778 756 766 7.72
Total organic carbon 9.92 829 1128 10.59 12.04

(g/kg)

Total phosphorus (g/kg) 043 049 056 072 081
Total nitrogen (g/kg) 061 059 068 086 0.8
Sand (20.05 mm), % 412 396 387 399 1.63
Silt (0.002-0.05 mm), %  89.47 93.01 89.50 88.13 86.42
Clay (<0.002 mm), % 641 303 663 788 1195
Quartz, % 42.66 4504 41.18 429 43.88
Potash feldspar, % 6.07 592 559 633 621
Plagioclase, % 1152 10.12 12.07 11.47 11.19
Calcite, % 727 709 6.9 704 72
Illite, % 25.07 24.87 26.55 2621 2554
Chlorite, % 741 696 771 6.05 598

Fig. 2. Apparatus. (1) motor; (2) inlet; (3) grille; (4) grill connecting rod; (5) sampling port; (6) observation area; (7) camera;

(8) personal computer.
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Fig. 3. Floc image: (a) binarized image, (b) noise-reduced image, (c) magnified floc image, and (d) complemented floc image.
the oscillation frequency and the operation parameters of H -1 H -1
grilles was established by setting different amplitudes and 3’ = BM"/25%? f ( + ZJ +BM"25%/2 f ( - ZJ
oscillation frequencies to control the turbulence intensity. 2 2
The formula of turbulence shear rate was proposed H (4)
by Camp [19] as follows: =BM"*$" f| ————
(H/2) -2*

6=\
v

where G is the turbulence shear rate; € is the energy dissi-
pation rate of turbulence and v is the viscosity coefficient
of moving fluid.

The energy dissipation rate of turbulence ¢ is calculated
as the following formula [20]:

)

3

e=A
1

@

where A represents the constant 1; the u’ represents the
root mean square velocity (RMS) flow in the turbulent field
and the I represents the integral scale.

The following two formulas were used to calculate the
RMS flow in the turbulent field #” and the integral scale I [18]:

0.045 S/H<0.15

I
(Hjmax ) {0.25(5 JH) S/H2020 @

where the Z is the distance to the center of grille layers;
B is the speed coefficient; S is the amplitude; f is frequency;
H is the interval between grilles and M is the distance
between the adjacent holes of grille.

According to Eq. (3), the integral scale of the apparatus
was calculated to be [ = 1.125 cm. If the turbulence shear
rate in the center of grille layers is adapted as the approxi-
mately even turbulence shear rate, Z = 0. The result shown
in follow can be known as substituting the conditions
already known into Eq. (4):
W = 4BM1/253/2fH—1 (5)

The velocity coefficient B is proportional to (S/H)"? [18].
It is expressed as:

uv:BmM]/ZSZfH—S/Z (6)

where the B, is the empirical coefficient.
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With the ADV equipped to measure the turbulent
velocity in the center of two-layered grilles at different
amplitudes and frequencies, the root mean squared flow
velocity was calculated and the relationship between B, and
M2 §? fH”2 was plotted. The horizontal velocity empiri-
cal coefficient B, of 5.6081 and the vertical velocity empir-
ical coefficient B, of 6.8376 were obtained from the fitting
line shown in Fig. 4.

Since this experiment mainly studied the vertical move-
ment of the sediment, 6.8376 of B, was applied as the value
of the vertical velocity empirical coefficient. It is described as:

u' =6.8376 x M'?S? fH " )

The amplitude S will be fixed at 3 cm. By substituting the
Eq. (2) and Eq. (1) with the S and I = 1.125 cm, the relation
between turbulence shear rate G and frequency f could be
described as:

G=10.854x f'* ®)

2.3. Experimental procedures

2.3.1. Experiment on the desorption flux of P from
the bottom sediment

Put the sediment in a 2.5 L brown jar with a slow addi-
tion of 2 L of deionized water, and then placed this jar
in a constant temperature shaker. The disturbance inten-
sity of samples 1-3 was 0-200 r/min, and the sediment
concentration and temperature remained unchanged as
1.0 g/L and 20°C respectively. The disturbance intensity
of samples 4-6 was 100 r/min and the temperature was
constant at 20°C, and the sediment concentration was
0.5, 1.0 and 1.5 g/L, respectively. The disturbance inten-
sity of samples 7-9 was 100 r/min, the sediment concen-
tration is 1.0 g/L, and the temperature is 15°C, 20°C and
25°C respectively. All samples were shaken for 24 h under
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Fig. 4. Relationship between root mean square velocity and
M2 §2 fH’S/Z.

dark conditions, and then the supernatants were taken,
filtered through a 0.45 pm filter membrane, and then
the phosphorus concentrations in the filtrate were mea-
sured by an ammonium molybdate spectrophotometry.
The arrangement of experiment groups was shown in
Table 2. All experiments were repeated three times.

2.3.2. Desorption of P from the bottom sediment
at a turbulent state

The sediment was spread to the bottom of the cylin-
der with a thickness of 50 cm and a water temperature of
16°C. The turbulent shear rate of water flow increased
from 5.04, 7.77, 14.27, 21.97, 30.70 and 40.36 s succes-
sively with a maintenance of 120 min for each level. The
sediment concentrations at the distances of 5, 25, 45, 65, 85,
and 105 cm away from the bottom of the sediment were
measured every 20 min. The vertical distribution of the
sediment was analyzed under different turbulent states.

The contaminated sediment was used for the desorp-
tion of P. Before the desorption experiment, each group of
the sediment was soaked with 2 mg/L of phosphate solu-
tion for 48 h to make it reach the adsorption saturation. The
sediment was spread to the bottom of the cylindrical tube
with a thickness of 50 cm and a water temperature of 16°C.
The desorption experiment was divided into two groups.
For the first group, the water flow shear rate was 5.04 s
in the first 120 min, then increased to 30.70 s! with a dura-
tion of 300 min, and then dropped to 5.04 s with a dura-
tion of 300 min. For the second group, the turbulent shear
rate of water flow was the same as that of the first group
in the first 420 min, and then the turbulent shear rate of
water flow was further increased to 40.36 s with a duration
of 300 min. 100 mL of water samples at 25 cm, 65 cm, and
105 cm were collected from the bottom sediment every
20 min. After the suction filtration through a 0.45 pm filter
membrane, the contents of P in the water were measured by
an ammonium molybdate spectrophotometry, and the aver-
age value was taken after three measurements.

2.3.3. Flocculation and deflocculation of suspended sediment
particles and the desorption of P at a turbulence state

To explore the flocculation and deflocculation of sedi-
ment particles at various turbulent states as well as the influ-
ence of the flocculation and deflocculation on the amount of
P desorbed, 6 groups of water-filled cylinders were set the
suspended sediment with the corresponding turbulence
shear rate of 5.04, 7.77, 14.27, 21.97, 30.70, and 40.36 s,
respectively. These turbulent shear rates kept for 3 h per
stage. The HDTV camera consecutively recorded the par-
ticle images which would be binarized by the Image] soft-
ware. The variation of particle sizes were analyzed right after
the removal of error points and then the concentrations of
soluble P were recorded synchronously in the experiment.

3. Results and discussion

3.1. Desorption flux of P from the bottom sediment

As shown in Fig. 5, the P in the sediment of the Three
Gorges Reservoir was basically at the desorbed state under
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Fig. 5. The desorption flux of P from the bottom sediment.

the conditions in this experiment, which means that the
secondary pollution to reservoir water was induced by
the sediment in the Three Gorges Reservoir, deteriorating
the eutrophication in the reservoir. The desorption fluxes
differed from the different conditions of flow velocities,
concentrations and temperatures. For the first group of
experiment (sample #1~#3), different intensities of distur-
bance induced the variation of the desorption ability of P
from the sediment. In general, the enhanced disturbance
would amplify the movement of bottom sediment from
the river bottom, impel the contact of sediment particles
with water, and increase the exchange rate between the
pore water inside the bottom sediment and the overlying
water, accelerating the desorption of P from the bottom
sediment [21]. For the second experimental group (sam-
ple #4~#6), the total amount of desorbed P varies obvious
from the sediments with different concentrations, that
is, the amount of desorbed P increased with the increas-
ing concentration of the sediment, indicating that the
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Table 2
Desorption experiments group arrangement

Sample  Disturbance Sediment Temperature

intensity (r/min)  concentration  (°C)
(/L)

#1 0 1.0 20

#2 100 1.0 20

#3 200 1.0 20

#4 100 0.5 20

#5 100 1.0 20

#6 100 15 20

#7 100 1.0 15

#8 100 1.0 20

#9 100 1.0 25

amount of desorbed P from the sediment in the Three
Gorges Reservoir enhanced with the rising concentration
of the sediment in the range from 0.5 to 1.5 g/L. For the
third experimental group (sample #7~#9), the desorption
flux of P ascended with the increasing temperature, which
could be ascribed to the accelerating physical and chem-
ical reactions of P [10,22], and the enhancing microbial
activity, so the organic P in the sediment was transformed
to be inorganic P [23]. Therefore, it was necessary to pay
attention on the eutrophication of reservoir in summer
because of the higher temperature of water in that season.

3.2. Influence of the incipient of bottom sediment on
the desorption of P at the turbulence state

The change process of the suspended sediment
concentration is shown in Fig. 6. In the initial stage
(0-120 min), there is no significant change in the concen-
tration of the suspended sediment at a low value of the
turbulent shear rate, indicating that the turbulent shear
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Fig. 6. Concentration of the suspended sediment and the vertical distribution of sediment.
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rate did not reach the starting conditions for the incip-
ient motion of the sediment. However, when the shear
rate further increased from 7.77 to 14.27 s at 240 min,
the concentration of the suspended sediment gradually
increased. Besides, it is shown that an obvious vertical gra-
dient existed in the concentration of the sediment after the
bottom sediment was triggered. The gradient was more
oblique with the higher turbulence shear rate.

As shown in Fig. 7, the critical shear rate to trigger the
incipient motion of the bottom sediment was not satisfied
before the 120 min, resulting in no suspended sediment
existed in water. The desorption of P was mainly derived
from the pore water from the bottom sediment and the
sediment on the surface of river bed, maintaining the con-
centration of P in a low level [21]. As the turbulence shear
rate elevated to 30.70 s! at 120 min, the bottom sediment
commonly started to move, increasing the concentration
of the suspended sediment in water rapidly. Zhang et
al. [24] and Zhu et al. [25] analyzed the effect of the pore
water during the bed sediment resuspension process and
found that the desorption of P was divided into two parts:
In the initial stage of suspension, the desorption of soluble
P in the pore water played a primary role. In the contin-
uous suspension stage, the desorption mainly came from
the desorption of particulate P on suspended particles.
The phase of quickly desorption in the early 60 min contrib-
uted 80% of the desorbed P under such a condition. Then
the system would enter the phase of desorption equilib-
rium after the consequently undergone a period of slowly
desorption. In the first experimental group, after reaching
the desorption equilibrium stage, the turbulent shear rate
reduced to 5.04 s at 420 min. As shown in Fig. 7a, the con-
centration of the suspended sediment dropped and the
concentration of P in water descended slightly with the
changing shear rate, indicating that a part of soluble P in
water would be reabsorbed in the sedimentation process
of the suspended sediment. In the second experimental
group, the turbulence shear rate was elevated to 40.36 s™
at 420 min. It can be noticed in Fig. 7b that more bottom
sediment was elevated into water, and the concentration of
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soluble P was augmented further. Finally, the equilibrium
was achieved after undergone a desorption phase in haste.
It can be concluded that the incipient motion and elevation
of the bottom sediment caused by the increased turbu-
lence intensity made an obvious influence on the desorp-
tion of P. However, the desorption could also be affected
by the flocculation and deflocculation from some deeper
degree, which would be elaborated in following sections.

3.3. Flocculation of sediment particles and its influence on the
desorption of P under the turbulence state

Under a turbulence state, the flocculation of the sedi-
ment particles occurred, which may change some phys-
ical properties of the sediment like the diameter, specific
surface area and pore volume [26]. The variation of phys-
ical properties made a different influence on the absorp-
tion and desorption of pollutants. Although the influence
of the particle size specificity of the suspended sediment
on the absorption/desorption of P had been studied for-
merly [27-29], only the absorption and desorption in a
static water were concerned without taking the variation
of the movement of sediment particles under a natural tur-
bulence state into concern. Furthermore, the flocculation
and deflocculation also induced the variation of sediment
particles under the influence of turbulence conditions.
Besides, the adsorption process of P from the sediment
was studied under the natural condition by the simulation
apparatus with the oscillation of grilles by some research-
ers, presenting that a close relation existed between the
adsorption ability of P and the adsorption efficiency of P
from the sediment and the particle size of sediment, con-
centration of sediment had been concluded [30]. For com-
pensation, some have proposed the influence of amplified
intensity of turbulence on accelerating the matter exchange
between the sediment and water, which causes the desorp-
tion of P [31]. Whereas, the variation of properties of the
sediment induced by the turbulence was not considered.

Fig. 8 shows the variation of particle sizes under dif-
ferent turbulence shear rates. Among the 6 groups set in
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Fig. 7. Change of suspended sediment concentration and P desorption in turbulence flow.
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the experiment with different shear rates, the sediment
collected from the Three Gorges Reservoir was able to
flocculate to different degrees, where the proportion of
the sediment of small particle size with a diameter range
of 0~12 pum decreased while the proportion of sediment of
big particle size increased. Many tiny particles aggregated
with each other to form flcos. However, the performances
of the flocculation of the sediment varied from the differ-
ent turbulence shear rates. When the shear rate was under
the level of 21.97 s7, the proportion of sediment particles
of small sizes with a diameter ranging from 0 to 12 pm
glides gradually while the proportion of flcos with a diam-
eter ranging from 48 to 96 um and over 96 um has been
increasing gradually with stability. When the shear rate of
21.97 s was reached, the proportion of small sediment par-
ticles reached the minimum while the proportion of large
flocs reached the maximum. If the shear rate elevated fur-
ther, the flocs with a diameter longer than 48 pm became
hard to form while the gliding amplitude of small sediment
particles narrowed though the flocculation was still able to
occur. The results demonstrated that, for the sediment from
the Three Gorges Reservoir, the enhanced shear rate may
impel the flocculation of the sediment with small particle
sizes under a low turbulence shear rate sustained. When
the shear rate was higher than 21.97 s, the flocs of big
sizes were unable to maintain themselves due to the turbu-
lence with high intensity, which caused the disintegration
of flocs to small sediment particles [32].

As shown in Fig. 9a, the tendency of the median diam-
eter of the sediment ascended first and then descended
rapidly as the intensity of turbulence increased under
different concentrations of the sediment. However, an
obvious positive correlation was expressed between the
desorption amount of P and the intensity of turbulence,
indicating that the dominant factor of the desorption of
P is not the particle size of the sediment but the hydro-
dynamic conditions. The enhanced intensity of turbu-
lence impelled the matter exchange between the sediment
and the water, which relatively augmented the diffusion
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Fig. 9. The desorption of P under the turbulence state.
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coefficient to further promote the desorption of P from the
sediment [33,34]. Subjected to Fig. 9b, two phases of the
augmentation of the desorption of P differed obviously
from each other. The former phase of P desorption exhib-
ited a slow augmentation before the shear rate achieved
21.97 s7, while the later phase of P desorption, of which the
shear rate was over 21.97 s7, tended to augment at a faster
speed than the former. According to Fig. 9a, when the shear
rate was lower than 21.97 s, the influence of turbulence
on the flocculation of sediment particle was positive, where
many small particles tended to flocculate to a floc. When
the shear rate was over the 21.97 s7, the amplified turbu-
lence may become the obstruct to the flocculation which
caused the contain of the sediment in small size increasing.
The diagram presented that the influence of particle size on
the desorption existed. With the contact area between the
water and the sediment after plenty of sediment particles
have flocculated, the matter was constricted which restricts
the desorption amount of P to some degree [35]. When
the intensity of turbulence was sustained in a higher level
where the floc was hard to form, due to the disintegration
of the flocs with big particle size to small particles of the
sediment by the turbulence with high intensity, the contact
area between the water and the sediment extended which
impelled the desorption of P under the effect of turbulence.

4. Conclusions

This research studied the desorption of P from the sed-
iment in the Three Gorges Reservoir under the turbulence
condition, and established the correlation between the
intensity of turbulence and the diameter of sediment par-
ticles as well as the desorption amount of the pollutants by
using a set of quasi-uniform turbulence simulation appa-
ratus. The results showed that the secondary pollution to
reservoir water was induced by the sediment in the Three
Gorges Reservoir, deteriorating the eutrophication in the
Reservoir under specified conditions. The desorption flux
was different according to the variation of conditions of
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turbulence, the concentration of the sediment and the tem-
perature. The water with diverse intensities of turbulence
could be well simulated quantitatively by adjusting the
amplitude and oscillation frequency of approximately even
turbulence simulation apparatus. When the intensity was
over the critical value, the incipient motion of the bottom
sediment was triggered, and a well correlation between
the concentration of suspended sediments and intensity of
turbulence in water was sustained. As the intensity rose,
the incipient motion of the bottom sediment occurred and
elevated into water, which caused the release of desorbed
P into water. If the intensity of turbulence continued to aug-
ment, the concentration of suspended sediments would be
higher and the concentration of soluble P would increase
quickly. The flocculation of the sediment collected from the
Three Gorges Reservoir was able to occur under the turbu-
lence shear rates set in 6 experimental groups. As the inten-
sity of turbulence amplified, the median diameter of the
sediment tended to rise first and then to glide with a con-
trast positive correlation between the desorption amount
of P and the intensity of turbulence. The matter exchange
between the sediment and the water would be blocked to
some degree after the flocculation of the sediment, which
could constrict the desorption amount of P to some degree.
Moreover, when the intensity of turbulence was at a higher
level, the proportion of the sediment of small particle and
contact area between the sediment and the water increased,
which impelled the desorption of P from the sediment.
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