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Abstract

To better understand the complex transformation mechanisms of pollutants in different phases in sluice-controlled river reaches
(SCRRs), a multi-phase transformation model of water quality is proposed. This model mainly describes the interactions of the
water body, suspended matter, deposited sediments, and organisms. Mathematical expressions were first derived to describe the
mass transportation processes in different phases of the river system. The multi-phase transformation model in SCRRs was then
established with defined physical mechanisms. Monitored data from the operation of Huaidian sluice were used to identify and
validate the parameters of the transformation model and to simulate the spatial and temporal changes of pollutants in different
phases. Four findings were made from the results. Firstly, the concentration values of pollutants in each phase in the upper and
lower river reaches of the sluice are affected by flow, mode of sluice operation, and algal growth and enrichment. Secondly, the
reaction processes in the upper and lower river reaches of the sluice indicate different dominant mechanisms according to the
change in sluice operation. Thirdly, sluice operation leads to stronger exchanges between the water body and external materials
because of the increased water disturbance. Fourthly, in the early period of the experiment, changes in the alga concentrations
were mainly affected by water movement. In the later period, changes in the alga concentrations were mainly affected by the
obstruction of the sluice in the upstream section, while these were affected by flow velocity, flow volume, and changes in nutrient
concentration in the downstream section.
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Introduction

The sluice is a low-head hydraulic structure with the function
of controlling and altering the natural flow of water to accom-
modate human needs by the operation of water resource man-
agers. It is an important control engineering in water conser-
vation systems constructed in rivers, reservoirs, lakes, and
coastal areas for water retention and release, which has be-
come one of the primary means of maintaining water supply,
scientific management, and flood mitigation. Based on this,
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they have been extensively applied in water supply networks,
flood control, shipping, power generation, and irrigation. The
construction of sluices has promoted the continuous develop-
ment of industrial and agricultural productions in China,
which is beneficial to the national economy. China has accu-
mulated a wealth of engineering expertise in sluice construc-
tion. In recent years, the number of sluices in China has great-
ly expanded. For example, 5427 sluices are constructed in the
Huaihe River basin, among which more than 600 are large or
medium in size.

The effects of sluices on the river have attracted the atten-
tion of some scholars. The construction of sluices interrupts
river continuity and blocks exchange of river material between
the upper and lower reaches of the sluice. The river is restrict-
ed artificially, and the hydrological regime is altered signifi-
cantly, such as reduced flow rate and hydrograph flashiness,
which decreases the sediment transport capacity of the river
(Zhang et al. 2015b). Furthermore, a sluice keeps water in
the upper reaches of the dam, and the storage time of that
water directly affects the water quality in the reservoir. For
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most dams, the sluice gates are closed to store water during the
dry season, which may lead to accumulation of highly con-
centrated pollution. Accordingly, sudden water pollution
events may occur with flood discharge during the flood sea-
son. To some extent, sluice operation models have important
effects on water quality.

Based on analysis of the temporal and spatial variations of
hydrological factors and environmental indices, the literature
indicated that construction and operation of sluices have great
influences on the aquatic environment (Hu et al. 2008;
Koutsos et al. 2010; Li et al. 2012; Gilmar and Marcos
2013; Liu et al. 2016; Chris et al. 2016). Many studies on
sluices have focused on sediment deposition patterns and sed-
imentation rates, with the aim of reducing sedimentation and
minimizing the impact on environmental (Walling and Fang
2003; Kondolf et al. 2014; Petkovsek and Roca 2014; Wang
et al. 2016b). Because of sediment resuspension, sluice oper-
ation can affect the concentration of suspended matter (Lothar
and Klaus 2008; Enner et al. 2016; Frémion et al. 2016).
Disturbance of sediments can lead to changes of pollutant
concentration (e.g., organic compounds, total phosphorus,
and total nitrogen) in downstream suspended sediment, and
this will cause observed variation in the concentration of nu-
trients in the water body (Cui et al. 2011; Molisani et al. 2013).
Changes in water temperature and aquatic ecosystems have
association with sluice and dam regulation (Hakanson and
Bryhn 2008; Zhang et al. 2016; Michalski et al. 2016).
Influence factors on the water quality in sluice-controlled river
reaches have been identified (Dou et al. 2013; Zhang et al.
2015a).

Because of increased public concern about water contam-
ination in sluice-controlled river reaches (SCRRs), a variety of
hydrodynamic models and water quality models with pollut-
ant transformation have been proposed in recent years to eval-
uate the influence of these structures on the environment. The
Saint-Venant equations are applied in many hydrodynamic
models as the basic control equations of river flow, and a great
number of models are also developed in different conditions
(Mevlut et al. 2009; Ludovic and Gilles 2012; Wang et al.
2013). In terms of water quality models, Hoff and Mackay
(1993) first proposed a multi-media fugacity model to study
the behavior and transformation of hazardous chemicals in a
multi-media environment of air, water, sediment, suspended
soil, and organisms, which characterize the paradigm of re-
search on the transformation of pollutants in different phases.
Some studies have investigated conceptual models including
transformation processes of different forms of N and C nutri-
ents (Liu et al. 2003; Chen et al. 2007; Guan et al. 2009; Wang
et al. 2016a). In order to investigate the interactions of water
body with respect to pollutant concentration, transformation
models were established to simulate the migration and trans-
formation processes of heavy metal pollutants, nonmetal inor-
ganic pollutants, and organic pollutants (Lebo and Sharp
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1992; Yang et al. 2012; Ao et al. 2016). There are also pollut-
ant transformation models in the suspended matters and sed-
iment matters (Tappin et al. 2003; Wang et al. 2015) and in the
sediment matters and organisms (Hu and Li 2009; Li et al.
2014). General coupling models of the water quality and water
quantity in rivers were developed to simulate hydrodynamic
and water quality processes, such as the EFDC, MIKE, Water
Quality Analysis Simulation Program (WASP), QUAL2K,
and RMA4 models.

Overall, many researches are focused on the influence of
sluice construction and operation on the water body in
SCRRs. A series of hydrodynamic and water quality models
have been created to simulate changes in water level, flow, and
water quality. However, few studies have been conducted to
investigate transformation processes of pollutants among the
water body, suspended solids, sediments, and organisms.

Therefore, we developed a water quality model with all
these four components of the river system. This model was
used to simulate changes in water quality under different con-
ditions of sluice operation. Experiments were carried out in
the Huaidian sluice of Shayinghe River, China. The aim of
this work is to explore the spatial and temporal characteristics
and variations of pollutants during sluice operation. The re-
sults can be used to provide technical guidance for sluice
operation.

Materials and methods
Study area

With the high density of population and high industrial and
agricultural productions in Huaihe River basin, a lot of domes-
tic sewage and industrial wastewater had been discharged into
these rivers of the Huaihe River basin and the Shaying River is
the largest and most polluted tributary of Huaihe River. The
total amount of wastewater and pollutants accounts for more
than 40% of the Huaihe River system, so it is known as the
good or bad “barometer” of Huaihe River water quality, and
the current serious pollution has become the highest priority in
the work of water pollution prevention and control.

As the important control engineering of the main stream in
Shaying River, the Huaidian sluice plays a key role in control-
ling upstream pollution for a long time and it is also one of the
key sluice for the joint control of the Huaihe River pollution.
The sources of pollutants in the Huaidian sluice are mainly
domestic sewage, industrial wastewater, and agricultural fer-
tilization, according to the monitoring data of Huaidian sluice,
and the main pollutants are chemical oxygen demand (COD)
and ammonia nitrogen. As the water quality is worse than the
class IV level (Table 1) sometimes, water pollutants are more
prominent and have drawn more and more attention in recent
years (Xi et al. 2014; Chen et al. 2016; Hao et al. 2014, etc).
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Table 1 The pollutant-
monitoring data of Huaidian Pollutants index 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
sluice from 2003 to 2012 (mg/1)
NH;3-N 13.1 5.1 52 5.5 4.8 32 3.1 1.8 1.3 2.0
COD 17.7 8.8 7.1 7.3 72 6.4 6.1 5.1 6.2 92
TP 1.2 0.4 0.3 0.5 0.4 0.3 0.3 0.2 - 0.3

— this year lacks monitoring data

Data collection

In order to study the effects of sluice operation on the trans-
formation process of pollutants in different phases, the
Huaidian sluice was taken as an example, and three experi-
ment schemes of sluice operation were carried out. The exper-
iment was within the scope of 2 km upstream and downstream
in sluice-controlled river reaches. The first upstream section
was 850 m away from Huaidian sluice, and the last section
downstream was 1150 m away from Huaidian sluice. In the
research river, seven sections were set and the interval dis-
tance between the adjacent sections was 200~500 m. There
were no sewages in the experimental area. The layout diagram
of monitoring sampling sections and sampling points is shown
in Fig. 1.

Combined with three experiment results carried out on
March 2013, the research mainly focused on the water quality
transformation rules among different carriers, such as water,
suspended matters, and sediments, under different operation
models. Five monitoring sections (sections I, III, and IV in the
upper reaches of the sluice; sections VI and VII in the lower
reaches of the sluice) were set in the experiment, and systemic
sampling was conducted 7 times, including 18 water samples,
3 sediment samples, and 4 upper-cover water samples, to de-
tect the suspended pollutant concentration. The water quality
was monitored by the water quality-monitoring module of
HACH and alga automatic monitor of DS5 in the upper and
lower reaches of the sluice. Considering the sluice operation
effects on pollutant transformation in different phases during
the entire experiment period, six opening modes of sluice gate
were designed (30 cm of 8 holes, 50 cm of 6 holes, 70 cm of 4
holes, 30 cm of 4 holes, 10 cm of 4 holes, all holes closed).
The specific experiment detection process and monitoring
values of water level, water flow, and water velocity in the
initial section are described in Table 2.

Transformation processes of pollutants in different
phases

The construction of sluices changes the river hydrological
conditions, which may lead to the change of hydrodynamic
conditions in the SCRRs, such as changes in water level, flow
velocity, sediment-carrying capacity, and sediment-settling
velocity. These changes further influence the transformation
processes of pollutants associated with different media,

including water, suspended matter, and sediment. The driving
effects of water quality transformation may differ, even for the
same transformation process, because of the changes in sluice
regulation, which may lead to differences in concentration of
pollutants in different media.

For example, the natural flow of a river is obstructed and
the original continuity is destroyed when a sluice is closed. At
this time, the river in the upper reaches of the sluice is similar
to a reservoir, and the flow velocity in this area is slower than
it would be in the natural river reach. Therefore, the adsorption
and sedimentation of suspended particles in the water body are
significant in this area, leading to the retention of a large
amount of sediment and nutrients in the upper reaches of the
sluice. At the same time, large amounts of dissolved pollutants
are absorbed by suspended particles and settled to the bottom
of the river, where they are degraded or consolidated. The
increased water depth in front of the sluice also causes tem-
perature stratification in the water body, which dramatically
changes the living environment of aquatic organisms.
However, the lower reaches of the sluice are similar to a dead
lake water without water supplementation, and water bloom
phenomena may occur because of increased nutrient concen-
trations with long-term evaporation.

When the sluice is opened, the scouring effect of water
flow at the riverbed is strengthened and the migration and
transformation processes associated with pollutants also
change as the hydrodynamic conditions change in the
SCRRs. At this point, water reaeration is enhanced because
of the increase in flow velocity, which further causes an in-
crease in the aerobic respiration of organisms and water self-
purification capacity. The resuspension of pollutants in sedi-
ment is strengthened by the agitation of the discharged flow in
front of the sluice. The pollutant particles are decomposed and
redissolved in baffle-wall style in the lower reaches of the
sluice, which results in a decrease in suspended and dissolved
pollutant concentrations. The bioaccumulation of organisms is
reduced due to the environment in which the accumulation of
algae and bacteria is disturbed by the change of hydrodynamic
conditions. The transformation processes of pollutants in dif-
ferent phases in the SCRRs are shown in Fig. 2.

To describe these complex transformations of pollutant in
different phases in the SCRRs, a mathematical model was
developed with two characteristics. The one is that the model
highlights the hydrodynamic effects of river disturbance with
sluice gate operation, specifically the numerical calculation
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Fig. 1 Sketch of river reaches near the Huaidian sluice during the experiments

for the section of the sluice gate and other unconventional
river section. The other is that the model describes the trans-
formation of pollutants in different phases accurately and
comprehensively, including migration and transformation pro-
cesses, adsorption and desorption processes of the dissolved
and suspended pollutants, sedimentation and resuspension
processes of the suspended and deposited sediment pollutants,
and biological intake and endogenous respiration processes.

Hydrodynamic model incorporating sluice operation

Being obstructed and restricted by the sluice gate, the flow
process of SCRRs is more complicated than that in the open
channel. A hydrodynamic model was used to calculate hydro-
dynamic parameters such as water level, flow volume, and
velocity in SCRRs. In order to effectively reflect the current
character of SCRRs, the model considers different conditions,
combining with the topographic features.

For the reaches without sluices, the hydrodynamic model
can be expressed by the two-dimensional Saint-Venant equa-
tions (Egs. 1, 2, and 3):

oz oq. O
%, 04, 94y "
ot Ox oy
2 2 2
o9, | 9.99, 49y 9q oz M4/t
x A Ay TV 7y y VT 62
o Thox T hay Satq (2)
2 2 2
o4y q.9q, 4,09, 0z n°qy\ /49y + 4,
—+ =+ ———+gh— V" _0 (3
a Thar hay (e TET p (3)

where z is the water level; / is the mean flow depth; g, and g,
are the specific discharges in the x and y directions, respec-
tively; g is the acceleration of gravity; and # is the roughness
coefficient.

For the reaches with sluices, it is hard to directly calculate
the water discharge through sluices by the Saint-Venant

Table 2 Design of the regulation

Sampling position

Water samples Suspended particle samples Sediment samples

experiment of the Huaidian sluice Time Regulation modes
16:30 Mar. 5 8 holes, 30 cm
09:00 Mar. 6 6 holes, 50 cm
15:00 Mar. 6 6 holes, 50 cm
09:30 Mar. 7 4 holes, 70 cm
13:30 Mar. 7 4 holes, 70 cm
08:30 Mar. 8 4 holes, 10 cm
12:30 Mar. 8 All holes closed
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1%, 7% 12%, 13% 2% 7" 1#, 7%, 13*
1#, 7% 12% 13*

1*, 7% 12% 13 2% 7"

1#, 7%, 12%, 13*

1%, 7% 12% 13% 2F 7

1%, 7%, 127, 13*

1%, 7% 12% 13% 2F 7

# refers to the sampling point
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Fig. 2 Conceptual

equations due to the constraint of gates on water flow.
Therefore, an improved bidirectional iterative internal bound-
ary control method is implemented to address the internal
boundary (Dou et al. 2015).

The free outflow or submerged outflow can be expressed as
follows:

q = osuBer/2gh, (4)

where ¢ is the water discharge through the sluice and oy is the
submergence coefficient that is related to the upstream and
downstream water depths and the gate opening size. When
os= 1, the water undergoes free flow; when 0 <o < 1, there
is submerged outflow. p is the discharge coefficient, e is the
gate opening size, B is the width of the sluice gate, and 4, is
the mean water depth in front of the sluice.

The flow continuity equation can be expressed as follows:

¢ =q,=q (5)

where ¢/ and q{; are the water discharges in front of the sluice
and behind the sluice, respectively, at the jth time step.

Transformation model of pollutants in different
phases

A transformation model of pollutants in different phases
was developed to describe the physical, chemical, and bi-
ological processes of pollutant concentration in different
media, such as water, suspended matter, deposited sedi-
ment, and aquatic organisms, and to represent the temporal
and spatial changes of pollutants in these different phases.
This model included seven indices: algaec (PYT), COD,
dissolved oxygen (DO), ammonia nitrogen (NH3-N), ni-
trate nitrogen (NO5-N), organic nitrogen (ON), and total
phosphorus (TP). To represent the transformation process-
es, three indices (i.e., COD, ON, and TP) were chosen to
reflect the transformation of the dissolved, suspended, and
sedimented pollutants; the other indices were only

map of the transformation of pollutants in different phases in the sluice-controlled river reaches

considered for the dissolved pollutants. The reaction pro-
cesses of them are shown in Fig. 3.

The transformation model of pollutants in different phases
was constructed with four equations: a fundamental equation
of water quality transport and transformation, an equation of
adsorption—desorption reactions, an equation of sedimenta-
tion—resuspension reactions, and a kinetic equation of algal
growth. The fundamental equation reflects the transformation
of contaminant concentration in each phase, and the other
equations describe the physical mechanisms of pollutant mass
transfer in different phases.

Fundamental equations of pollutant transport
and transformation

The fundamental equations include the fundamental items
and the transformation items. The former describes the
transport and diffusion processes of water, and the latter
describes the mass transformation processes in different
phases.

The fundamental equation of the dissolved pollutant con-
centrations is given as follows:

oCy 0Cy 0Cq4 . &*Cy 5*Cy
R T R S Y 5 i}
a Y TV el T g
= Ny Naw—Na—Nae + Nog=N1 (6)

where Cy is the concentration of dissolved pollutants; # and
v are the flow velocity components in the x and y direc-
tions; E, and E are the diffusion coefficient components in
the x and y directions; N'yq is the transform flux from sed-
iment pollutants to dissolved pollutants through desorp-
tion; Ny is the transform flux from dissolved pollutants
to suspended pollutants by adsorption; Ngy, is the transform
flux from dissolved pollutants to sediment pollutants by
adsorption; Ny, is the loss of flux of the dissolved pollut-
ants by aquatic organism intake; N'cq is the increasing flux
of the dissolved pollutants caused by endogenous
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Fig. 3 Schematic diagram of the transformation of pollutants in different phases

respiration and death of aquatic organisms; N, is the loss of
flux of the dissolved pollutants caused by other biochem-
ical reactions; and N; = K;Cy4, where K is the degradation
coefficient of the dissolved pollutants.

The fundamental equation of the suspended pollutant con-
centration is given as follows:

&PCy,
Y ayz

&Cy
ox?

0Cy S 0Cy
ot Oox

0Cy
v

oy

= Ngw + Now—N,,—Na

—E,

(7)

where C,, is the concentration of suspended pollutants; N, is
the transform flux from the sediment pollutants to the
suspended pollutants through resuspension; N'yy, is the trans-
form flux from the suspended pollutants to the sediment pol-
lutants caused by sedimentation; N, is the loss of flux of the
suspended pollutants caused by other biochemical reactions;
and N, = K,Cy,, where K, is the degradation coefficient of the
suspended pollutants.
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The fundamental equation of sediment pollutant concentra-
tion is given as follows:

oG oC
: Up —4

9Co oCy
ot ox

b N 4N,
Vb ay wb+ b

+ Nao—Nipw—Npg—N3 (8)

where Cy, is the concentration of sediment pollutants; its
unit is different from that of the dissolved pollutants.
Based on the method of monitoring pollutants in the sedi-
ment, this variable represents weight per square meter in
the sediment; u, and v, are flow velocity components of
sediment in the x and y directions (m/s), which are typical-
ly negligible because their values are much smaller than
those of the water body; Ny, is the increasing flux of sed-
iment pollutants caused by algal death and deposition; N3
is the loss of flux of sediment pollutants caused by other
biochemical reactions; and N5 = K5Cy,, where K3 is the deg-
radation coefficient of sediment pollutants.
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Adsorption and desorption equations

The contents of pollutants related to adsorption and desorption
are represented in the fundamental equation, mainly including
three parts: the adsorption flux Ng,, of suspended particles of
dissolved pollutants, the adsorption flux Mg, of dissolved pol-
lutants in sediments, and the desorption flux N'yq of the dis-
solved pollutants in sediments. Although the suspended pol-
lutants also desorb under certain conditions, desorption pro-
cesses are generally negligible. This is mainly because of the
low concentration of suspended particles in the water body,
resulting a smaller desorption effect than that of the sediments.
To describe the transformation flux of adsorption and desorp-
tion, we assume that suspended particles are evenly distribut-
ed in the water and that the adsorption flux of the particles is
proportional to the difference between the concentration of the
pollutants in the particle surface solution and that in the water
body. The adsorption flux of the suspended particles and sed-
iments can be expressed as

Ndw = Kxfl (wacd) (9)
Nab = Kxp2(Co—Cq) (10)

where K¢ and K,y are the adsorption coefficients of the
suspended particles and the dissolved pollutants in the sedi-
ments, respectively.

Desorption, which refers to the transformation of pollutant
contents from the solid phase to the liquid phase, is the reverse
process of adsorption. Therefore, desorption flux can be
expressed as follows:

Nyg = Kix(Cy=Cy) (11)

where K;, is the desorption coefficient.

Sedimentation and resuspension equations

The transformation of sediment pollutants significantly differs
from that of the dissolved and suspended pollutants. Diffusion
of sediment pollutants is insignificant because compounds are
attached to the sediment particles at the river bottom and they
are influenced mainly by the pushing action of water flow. The
pollutants related to sedimentation and resuspension repre-
sented in the fundamental equation include two parts: One is
the sedimentation flux N'y;, of the suspended pollutants; the
other is the resuspension flux N, of the sedimented pollut-
ants. Based on relevant principles of sediment dynamics, the
sedimentation and resuspension of pollutants in the particle
phase are related to the movement of suspended particles in
the water body, which is closely related to the water flow
conditions.

It has been demonstrated in practice that the sedimentation
and resuspension of sediment particles in the water body

depend mainly on the critical flow velocity. If the actual flow
velocity is lower than the critical flow velocity (in which case
sedimentation is dominant), the transformation flux of
suspended pollutants caused by sedimentation is expressed
as follows:

!

N, = Ky/HC, (12)

where K., is the sedimentation rate of suspended pollutants
and H is the water depth.

However, if the actual flow velocity is higher than the crit-
ical flow velocity (in which case resuspension is dominant),
the transformation flux of sedimented pollutants from resus-
pension is expressed as follows:

Now = Ks/H (13)

where Kj is the resuspension rate of sedimented pollutants.
Algal growth kinetic equations

Biogenic substances in the water body, such as nitrogen, phos-
phorus, and carbon, can be absorbed by algae. Then, the algae
will be decomposed into inorganic substances and sink to the
riverbed after dying. Therefore, algal growth kinetics can be
used to describe the conversion processes between algae and
pollutants. The interaction of algal growth and pollutant con-
centration represented in the fundamental equation includes
two parts: One is the intake flux Ng,, of dissolved pollutants
from algae; the other is the attenuation flux N, of sedimented
pollutants from algae. These components can be expressed as
follows:

Ny = GpC, (14)

(15)

w
Ne = (Dp n ﬁp) Ce + Dy Z(1)

where Gp, Dp, and wp are the alga growth rate, death rate, and
sedimentation rate, respectively; Dy is the alga predation rate;
and Z(?) is the biomass concentration of their predators.

The mechanism of algal growth kinetics in the aquatic en-
vironment can be described as follows:

G]):GmaXXGTXGIXGN (16)

where G, 1s the maximum growth rate of algae; G, Gy, and
Gy are the temperature regulation factor, light attenuation fac-
tor, and nutrient-limiting factor (dimensionless), respectively.
The nutrient-limiting factor Gy is influenced by the concen-
trations of dissolved nitrogen and phosphorus, which can be
expressed as follows:

Gy :min( (17)

AN Cep )
KN + Can’ Kimp + Cap
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where Cgp and Cyy are the concentration of dissolved inor-
ganic nitrogen (DIN) and dissolved inorganic phosphorus
(DIP), respectively, both of which are essential for growth of
algae, and K,y and K,p are the Michaelis constants of DIN
and DIP, respectively.

Results and discussion
Model verification

In terms of hydrodynamic boundary conditions, the flow mon-
itor data from section I were used as upper boundary condi-
tions, the water level data from section VII were used as lower
boundary conditions, and the water level data from section IV
were used as internal boundary conditions. The measured wa-
ter level and water flow data were used as initial conditions.
For the boundaries of the transformation model, the measured
pollutant concentration data series of the dissolved pollutants
from section I was used as the upper boundary conditions
during this period. The dissolved, suspended, and sediment
pollutant concentration data measured from the monitoring
section were used as starting conditions during this period.
To verify the hydrodynamic model, the parameters of these
models were calibrated using the data monitored at section I1I
in the upper reaches of the sluice and verified using the data
monitored at section VI in the lower reaches of the sluice. The
simulation results showed that the maximum relative error for
section IV was 11.63%, with an average relative error of
4.46%, and the maximum relative error for section VI in the
lower reaches of the sluice was 9.79%, with an average rela-
tive error of 5.50%. Therefore, the simulation results were
generally in good accordance with the measured data.
Considering that it is very complex to calibrate a single
parameter with so many parameters in the model, parameter
calibration for the transformation model of pollutants in dif-
ferent phases was performed as follows. Firstly, parameters
were classified on basis of the degree of sensitivity of the
model to each parameter. The sensitive parameters include
stream reaeration coefficient (feta r), adsorption coefficient
(kyp), desorption coefficient (kjy), sedimentation rate of organic
matter (k,,), resuspension rate of organic matter (k;), mineral-
ization rate (m,y), and denitrification rate (Dg,). The insensi-
tive parameters include the maximum photosynthetic oxygen
production (Ppax), subsaturating oxygen concentrations
(Cos), Michaelis constant of nitrogen (K,,n), and Michaelis
constant of phosphorus (K,p). Secondly, partial suggested
values of parameters derived from some environmental
models (e.g., the MIKE ECO Lab and WASP models) and
calibrated parameters reported in the literature (Xia et al.
2001) were used as initial model parameter values. Thirdly,
the values of each sensitive parameter were adjusted constant-
ly and the simulated result was compared with the measured
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result for specified phases, meanwhile, to determine the value
of each sensitive parameter. The insensitive parameters were
maintained at their initial values. Finally, the sensitive param-
eters were taken together to simulate results by uniformly
adjusting the parameter values.

The monitored data at section I'V in the upper reaches of the
sluice were used to calibrate the model parameters, and the
monitored data at section VII in the lower reaches of the sluice
were used to verify the model. Results showed that the max-
imum relative error at section IV in the upper reaches of the
sluice was 35.5%, with an average relative error 0f9.76%, and
the maximum relative error at section VI in the lower reaches
of the sluice was 63.75%, with an average relative error of
11.72%. Comparison of the results indicates that the simulated
values of the model generally agree with the monitored data,
and it can be used to simulate the transport processes of pol-
lutants in different phases. The parameters of the transforma-
tion model of pollutants in different phases are shown in
Table 3.

Analysis of the simulation results

Simulation results and analysis of the dissolved pollutant
concentrations

The changing patterns of dissolved pollutant concentrations in
the upper and lower reaches of the sluice were simulated by
the transformation model of pollutants described above for a
period when the sluice was operated continuously (Fig. 4).

Figure 4 shows that the COD and ON concentrations gen-
erally decreased in the upper reaches of the sluice, whereas the
TP concentration was irregular. In the lower reaches of the
sluice, the COD concentration first decreased and then in-
creased whereas ON presented the opposite trend and TP ir-
regularly changed, reaching a maximum of 0.178 mg/l at
3:00 a.m. on March 6 and a minimum of 0.137 mg/] at
9:00 a.m. on March 7.

In consideration of large water flow in the earlier stage in
the upper reaches of the sluice, COD and ON concentrations
were diluted to an extent, which accelerated the mineralization
of ON and led to a small decrease in ON concentration. The
COD pollutant mainly existed in the dissolved phase, whereas
a portion of the ON presented in the dissolved phase and
another portion were transformed into ammonia nitrogen be-
cause of mineralization. The degradation and absorption of
dissolved COD and ON accelerated with the decrease of gate
opening size and flow velocity and the increase in water level
in front of the sluice during the later stage. This finding dem-
onstrated that suspended and sediment COD and ON in-
creased because of decreased incoming water discharge,
which caused a decrease in mineralization and increase in
degradation and absorption. The dissolved TP concentration
was mainly influenced by incoming water discharge and
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Fig.4 Trends of the concentrations of COD (a), ON (c), and TP (e) in the upper reaches of the sluice and the concentrations of COD (b), ON (d), and TP

(f) in the lower reaches of the sluice of the dissolved pollutants

sluice operation mode. During the early period, the same cor-
relation between TP concentration and flow velocity of the
section indicated that the change of TP concentration was
mainly affected by the water in the upstream. This relationship
is caused by the decreases in the gate opening size and incom-
ing water discharge, which caused increased adsorption and
decreased desorption of dissolved TP. The release rate of
phosphorus from other matter (e.g., BOD) in the water body
was accelerated to an extent, which led to a slight increase in
TP concentration. On 8:00 a.m. on March 8§, the dissolved
phosphorus, suspended phosphorus, and sediment

@ Springer

phosphorus concentrations began to decrease, and the TP con-
centration also began to decrease because of the closing of the
sluice gates, which led to blocked water flow and a rise in the
water level.

In the lower reaches of the sluice, the dissolved COD
concentration was predicted to increase with the release of
discharge from the sluice gate and this caused disturbances
in the downstream water body. But the simulation curve
showed a decrease, which indicated that desorption of sed-
iment COD was not notable during this period. However,
the quantity of algae increased rapidly around 11:00 a.m.
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on March 6 and 4:00 p.m. on March 7. The COD concen-
tration also decreased, which indicated that the photosyn-
thetic carbon produced by algae around this time was in-
sufficient for growth, and a portion of the carbon needed
was absorbed from the water body. The amount of algae
quantity decreased another time, and the COD concentra-
tion increased due to the decomposition of algae in water.
Thus, COD was transformed mainly between the dissolved
COD and biological COD in the earlier stage. The simula-
tion results of dissolved ON concentration showed that the
changes of the ON concentration and flow velocity were
correlative. They first increased and then decreased. The
reason of this relationship is that the discharge volume was
greater when the gate opening size was larger, which led to
relatively notable desorption of sediment ON and mineral-
ization of dissolved ON. Nitrogen was mainly presented as
ON and NHs-N during this period. With the decrease of
sluice gate opening size, the discharge volume also gradu-
ally decreased. The dissolved ON decreased rapidly be-
cause it was gradually adsorbed into the suspended ON
and sediment ON. It is clear that the dissolved ON concen-
tration could be affected by the gate opening size of the
sluice gate and mineralization. The pattern of the simula-
tion results for dissolved TP concentration is complex. The
TP concentration increased in the earlier stage because of
the scour of the sediments caused by the discharge from the
large opening. TP maintained a steady state in the middle
stage, and this indicated that the self-degradation of the
dissolved TP, desorption of the sediment, and absorption
of algal growth reached a relative balance at this time. In
the later stage, the gate opening size of the sluice and the
scouring effect of the flow on the sediment decreased. The

amount of algae first decreased and then increased, which
indicated that the change of the TP concentration was
mainly influenced by the decomposition of algae.
Overall, change of the TP concentration would be reason-
ably influenced by hydrodynamic conditions and alga
growth and death.

Simulation results and analysis of the suspended pollutant
concentrations

Based on the design of the third experiment, four upper-cover
water sampling points were chosen in section IV in the upper
reaches of the sluice and corresponding simulation results of
this section were analyzed. This comparison analysis is shown
in Fig. 5.

Figure 5 shows that changes of the suspended COD,
suspended TP, and suspended ON concentrations were
approximately correlative with the flow velocity, which
changed little in the earlier stage, rapidly decreased in
the middle stage, and slowly decreased or maintained in
the later stage. The parameter calibration also showed that
the critical velocity (i.e., 0.2 m/s) was sensitive to TP and
ON concentrations, but not very sensitive to other param-
eters. The simulation results of flow velocity in Fig. 5
indicated that sedimentation played a dominant role in
the suspended pollutants in the upper reaches of the sluice
during the entire experimental period. In the earlier stage,
the flow velocity decreased because of the large incoming
discharge in the initial section, and the flow velocity was
lower than the critical velocity because of the blocking of
the sluice gate when the flow reached the section near the
sluice. However, changes of the pollutant concentrations

Fig. 5 Trends of the b .
concentrations of suspended Computed value ¢ Observed value ——Flow velocity ——Computedvalue ¢ Observed value——Flow velocity
COD (a), suspended ON (b), and 2 26 12 = 10 12
o =) =
suspended TP (c) £ £ E g =
=22 | 19 5 =7 19 5
3 z F os z
E 3 E 3
S 18 6 = 5 6 =
2 > 2 o0s ¢ s
3 2 8 \ 2
g PR Z o2 13 E
© *
10 ¢ A 0 00 ¢t * 0
5/Mar17:00 7/Mar3:00 8/Mar12:00 5/Mar17:00 7/Mar3:00 8/Mar12:00
——Computed value ¢ Observed value ——Flow velocity
_\ 006 12
= 005 | 19 5
£ >
£ 004 6 3
o >
8 2
o 003 3 =
002 ¢ 0
5/Mar 17:00 7/Mar 3:00 8/Mar 12:00

@ Springer



6644

Environ Sci Pollut Res (2018) 25:6633-6647

a
——Computedvalue ¢ Observed value——Flow velocity

2300 1 12
¢ =
A £
= 2100 19 °
= 2
° 3
2 S
.;'9 1900 16 g
2 5
1700 | 3 &=
1500 ! 0
5/Mar17:00 7/Mar3:00 8/Mar12:00
(o] .
——Computed value —— Flow velocity
10 9 12
-
£ =
D 9 =
o 9 3
.8 >
g s 3
s o
o
2 7 z
8 , 2
Z 6 ~
5 L 0
5/Mar17:00 7/Mar3:00 &/Mar12:00
e .
——Computed value —— Flow velocity
12 ¢ 12
= 5
= {o ?
g 10 z
= o
b S
-
5 08 o
Ao L3 =
06 L 0
5/Mar17:00 7/Mar3:00 &/Mar12:00

——Computedvalue ¢ Observed value ——Flow velocity

2300 26
3 =
= E
= 2100 19 °
3 2
o )
e 2
201900 112 ©
< -
z
1700 5 =
¢ *
1500 L 2
5/Mar17:00 7/Mar3:00 8/Mar12:00
d .
——Computed value ~——Flow velocity
10 26
™ 9 §
5 19 >
E o E
5 ) 12 2
g ' 5
=4 5 =
Z 6
5 . 2
5/Mar17:00 7/Mar3:00 8/Mar12:00
f .
——Computed value ——Flow velocity
12 1 26
[ag}
£ £
0 19 °
& 10 =
E 2
S 112 ->>
2 2
£ 08 o
06 * L 2
5/Mar17:00 7/Mar3:00 8/Mar12:00

Fig. 6 Trends in the concentrations of algae (a), N (¢), and P (e) in the upper reaches of the sluice and the concentrations of algae (b), N (d), and P (f) in

the lower reaches of the sluice

were not notable during this period, which indicated that
the changes of the suspended pollutant concentrations
were influenced not only by sedimentation but also by
the pollutant concentrations associated with the incoming
flow in the earlier stage. In the middle simulation stage,
the flow velocity further decreased in front of the sluice
because of decreased incoming flow discharge.
Meanwhile, sedimentation increased, but resuspension
was no longer notable. The degradation decreased, and
absorption increased with decreased flow velocity.
Therefore, the suspended pollutant concentrations notably
decreased under the synthetic effects of these processes
and the reduced rate of the suspended pollutants gradually
decreased with further decrease in flow velocity. In the

@ Springer

later simulation stage, when the gate opening size was
gradually decreasing until fully closed, the flow was
blocked in front of the sluice, the water level rose higher,
and all processes reached relatively stable conditions.
Thus, the suspended pollutant concentrations slowly de-
creased or maintained. Overall, flow velocity is the most
significant factor affecting the suspended pollutant con-
centration. If the flow velocity is higher than the critical
velocity, the suspended pollutant concentrations are pre-
dicted to increase. If the flow velocity is lower than the
critical velocity, the suspended pollutant concentrations
are predicted to decrease. In addition, the suspended pol-
lutant concentrations may also be influenced by water
depth and temperature to a certain extent.
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Simulation results and analysis of alga concentrations

Based on the model mentioned above, changes in the amount
of algae in the water in the upper and lower reaches of the
sluice were simulated (Fig. 6).

Figure 6 shows that the amount of algae first increased and
then decreased; this trend repeated later. Based on Fig. 6a, b,
from 5:00 p.m. on March 5 to 9:00 a.m. on March 6, the
amount of algae changed slowly in the upper and lower sec-
tions of the sluice because the incoming flow in the initial
section did not reach the simulation section. Thus, the amount
of algae was mainly affected by algal growth and death. From
9:00 a.m. on March 6 to 2:00 p.m. on March 6, the amount of
algae in the upper and lower sections of the sluice increased,
but in the upper reaches of the sluice did not significantly
increase, and in the lower reaches of the sluice the opposite.
This indicated that a small amount of algae accumulated in the
upper section and many migrated with the flow of water to the
lower section. In this stage, algae were mainly influenced by
the migration of water flow. With the decreased water flow in
the upstream sections and reduced flow velocity through the
sluice gate, the algae increased rapidly both in the upstream
and downstream sections. However, the increase was relative-
ly rapid in the upstream section, but relatively slow in the
downstream section, which indicated that change in the
amount of algae was not only affected by the migration of
water flow, but also by other effects. According to previous
research (Cao 2008), algae have a maximum growth rate at a
flow velocity of 30 cm/s. Based on the simulation results (Fig.
6), the flow velocity in the section in the upper reaches of the
sluice decreased 1.87 cm/s after 12:00 p.m. on March 7, which
is not suitable for algal growth. But the amount of algae,
nonetheless, increased sharply with the decrease in the size
ofthe gate opening. The reason why the algae increased might
be the increase in the average value of alga density and the net
increment of alga amount, which were caused by the delay in
the upper researches of the sluice and the accumulation in
front of the gate with the migration of water.

In the lower reaches of the sluice, after 9:00 a.m. on
March 7, the maximum flow velocity reached 10.76 cm/s,
which reflected the least suitable conditions of flow velocity
for algal growth. Algal growth was then in a declining stage,
and the death rate was greater than the growth rate.
Meanwhile, the flow volume of the sluice gate decreased,
and the disturbance of the water body in the lower river
reaches of the sluice decreased as well, leading to the weak-
ening of water and nutrient absorption by algae and the alga
suspension. Thus, the increase in sediments from the sedimen-
tation of algae led to a slow increase in the amount of algae.
When the sluice gate was closed, the disturbance of the water
body was reduced both in the upper and in the lower river
reaches, and the concentrations of nutrients decreased because
of desorption and sedimentation. Then, the amount of algae

began to decrease due to the death rate being greater than the
growth rate. The analysis revealed that the migration of water
flow was notable with a large discharge volume before
12:00 p.m. on March 7. But the flow velocity, incoming dis-
charge, and discharge volume of the sluice all decreased after
12:00 p.m. on March 7. The hydrodynamic conditions were
no longer suitable for algal growth, and the increase in the alga
amount was inhibited. Figure 6¢c—f shows that the N and P
concentrations in algal cells changed with the amount of algae
and that the extent of the change in N content is greater than
that of P content in algal cells. Based on the simulated and
measured values, the N/P ratio in water was about 33 in the
upper river reaches and 37 in the lower river reaches, much
higher than 16. To some extent, algal growth was limited by
the concentration of phosphorus availability (Fisher et al.
1992), and the transformation of phosphorus from the algae
to the dissolved pollutants was inhibited during this period.

Conclusions

A multi-phase transformation model of pollutants in different
phases was established in the SCRRs by the application of a
number of theoretical methods. The Huaidian sluice area was
taken as a study area to investigate changes of pollutant con-
centrations in different phases. The conclusions reached on
the basis of this research are as follows:

1. The hydrological regimes were significantly affected by
incoming flow and the opening size of the gate. Increased
incoming flow rate or gate opening size led to increased
release of matter from the suspended and sedimented pol-
lutants and change in the amount of algae, which indirect-
ly influenced other water quality transformation process-
es. Therefore, the dissolved and suspended pollutant con-
centrations increased, but those sediment pollutants de-
creased in the upper and lower reaches of the sluice. The
results were opposite for decreased incoming flow rate or
gate opening size.

2. Each reaction process exhibited strong and weak proper-
ties associated with change of the sluice operation mode
in the SCRRs. When the sluice gate opening was de-
creased in size or fully closed, the flow velocity decreased
in the section in front of or behind the sluice. Therefore,
absorption and deposition increased, and the dissolved
and suspended pollutants were transformed into the sedi-
ment pollutants at a relative high rate. When the sluice
opening size increased, the high river flow caused the
increase in desorption and resuspension rates, and the
sedimented pollutants were transformed into dissolved
and suspended pollutants at a relative high rate.

3. Exchange between the water body and external material
was affected by the sluice operation mode. When the
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sluice gate opening size was decreased or the sluice gate
was closed, slow flow velocity would reduce aeration,
leading to the weakening in nitrification, denitrification,
and mineralization.

4. During the earlier period, the change in the amount of
algae was mainly affected by the migration of water flow.
During the later period, the change in the amount of algae
in the section in the upper reaches of the sluice was mainly
affected by the blocking of the sluice gate because the size
of the gate opening decreased, whereas it was mainly
affected by flow velocity, flow volume, and nutrient con-
centration in the lower reaches of the sluice.
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