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Abstract: The main canal of the middle route of the South-to-North Water Diversion Project has the
risk of excess head loss in crossing water-conveyance structures, but the assessment of this risk faces
difficulties such as the lack of sufficient monitoring points inside the structures, the current water-
conveyance flow rate being lower than the design maximum flow rate, and the lack of verification of
monitoring data. Monitoring data of the main canal were collected in 2022, prototype observations
were carried out, the monitoring data were verified, and a method for calculating the head loss using
the combined head loss coefficient was proposed. The assessment of 143 structures showed that
40 structures had excess head losses, including 31 inverted siphons, four aqueducts, four underdrains,
and one culvert. The 143 structures had a total residual head of 3.05 m, accounting for 9% of the
distributed head. In addition to natural aging, freshwater mussel and algal attachment, sediments,
and undesirable flow regimes were all important influencing factors that caused the head loss to
increase. It is recommended to take measures such as regular removal of sediments and algae
and freshwater mussel attachments, optimization of inlet and outlet shapes, and application of
roughness-reducing materials.

Keywords: middle route of the South-to-North Water Diversion Project; crossing water-conveyance
structure; frictional head loss; local head loss; prototype observation

1. Introduction

Officially opened in December 2014, the main canal of the first phase of the middle
route of the South-to-North Water Diversion (hereinafter referred to as the Main Canal) is
the world’s largest inter-basin water-conveyance project [1], with a total length of 1432 km
and a planned average multi-year water diversion capacity of 9.5 billion m3. The Main
Canal draws water from the Danjiangkou Reservoir and supplies water to Henan, Hebei,
Tianjin, and Beijing (Figure 1). It has become the main water source for many cities along
the route, especially for Beijing and Tianjin, two municipalities directly under the Central
Government, conveying 9.212 billion m3 of water in 2021–2022. At the beginning of the
design of the Main Canal, considering the requirements of efficient utilization of water
resources as well as the cost and rationality of the project, two flow rate criteria, namely, the
design flow rate and the increased flow rate (i.e., the design maximum water-conveyance
flow rate), were adopted [2]. In general, all sections of the Main Canal have a probability of
conveying water above the design flow rate or even at the increased flow rate, but not for
an extended period of time. For example, the probabilities of operation above the design
flow rate and at the increased flow rate in the first section of the canal are about 20% and
4%, respectively. The Project of Water Diversion from the Yangtze River to the Hanjiang
River, a follow-up project of the South-North Water Diversion Project, started in July 2022
and will be completed in 2031, after which it is estimated that the multi-year average water
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diversion capacity of the Main Canal will increase to 11.51 billion m3 and the probability of
conveying water at the maximum design flow rate of the Main Canal will increase.

Water 2023, 15, x FOR PEER REVIEW 2 of 14 
 

 

Hanjiang River, a follow-up project of the South-North Water Diversion Project, started 
in July 2022 and will be completed in 2031, after which it is estimated that the multi-year 
average water diversion capacity of the Main Canal will increase to 11.51 billion m3 and 
the probability of conveying water at the maximum design flow rate of the Main Canal 
will increase. 

  
(a) (b) 

Figure 1. Main canal of the middle route of the South-to-North Water Diversion Project: (a) general 
layout and (b) canal and crossing water-conveyance structures. 

The Main Canal is a typical water-conveyance project with a long distance, low head, 
and large flow rate. The whole route has a distributed head of only 87.08 m, of which 
crossing water-conveyance structures account for 42 m or 48% [3]. In the process of water-
conveyance with a high flow rate in recent years, phenomena such as high water levels in 
some sections of the Main Canal, undesirable flow regimes of some crossing water-con-
veyance structures, and large fluctuations of the water level have occurred many times 
[4–6], indicating that there is a local risk of an insufficient water-conveyance capacity in 
the Main Canal and an urgent need to assess the head loss under the design maximum 
water-conveyance flow rate. Relevant methods include hydraulic model tests [7–12], pro-
totype observations [13,14], and numerical model simulations [4–6]. To carry out the as-
sessment, it is necessary to arrange a sufficient number of monitoring points inside the 
structures, measure under the design operating conditions, and use equations to calculate 
the frictional head loss and local head loss [15] to calibrate parameters such as the rough-
ness coefficient [16,17] and head loss coefficient [18–20]. The dimensions and roughness 
coefficient of the flow sections of the Main Canal have changed to some extent after its 
continuous operation for eight years. Therefore, it is difficult to construct an accurate hy-
draulic model or numerical simulation model, while a direct and effective method is to 
carry out the assessment based on the monitoring data of the project itself. However, some 
issues need to be addressed. First, the monitoring points are only located at the inlet and 
outlet of each crossing water-conveyance structure of the Main Canal, and therefore, the 
roughness and head loss coefficient of the internal structure cannot be calibrated sepa-
rately, preventing the direct use of the conventional equations for head loss calculations. 
Second, the current water-conveyance flow rate of the Main Canal is lower than the design 
maximum water-conveyance flow rate (i.e., the increased flow rate), so the estimation can 
only be made based on the current monitoring data obtained at low flow rates. Finally, 
the monitoring equipment in the project is installed in the field, and the monitoring data 
are easily affected by environmental and human factors. Thus, the data need to be verified 
before use. 

This study was carried out based on the monitoring data of the Main Canal from 
April to August of 2022. In total, 30 out of 158 crossing water-conveyance structures were 

Figure 1. Main canal of the middle route of the South-to-North Water Diversion Project: (a) general
layout and (b) canal and crossing water-conveyance structures.

The Main Canal is a typical water-conveyance project with a long distance, low head,
and large flow rate. The whole route has a distributed head of only 87.08 m, of which
crossing water-conveyance structures account for 42 m or 48% [3]. In the process of
water-conveyance with a high flow rate in recent years, phenomena such as high water
levels in some sections of the Main Canal, undesirable flow regimes of some crossing
water-conveyance structures, and large fluctuations of the water level have occurred many
times [4–6], indicating that there is a local risk of an insufficient water-conveyance capacity
in the Main Canal and an urgent need to assess the head loss under the design maxi-
mum water-conveyance flow rate. Relevant methods include hydraulic model tests [7–12],
prototype observations [13,14], and numerical model simulations [4–6]. To carry out the
assessment, it is necessary to arrange a sufficient number of monitoring points inside the
structures, measure under the design operating conditions, and use equations to calculate
the frictional head loss and local head loss [15] to calibrate parameters such as the rough-
ness coefficient [16,17] and head loss coefficient [18–20]. The dimensions and roughness
coefficient of the flow sections of the Main Canal have changed to some extent after its
continuous operation for eight years. Therefore, it is difficult to construct an accurate
hydraulic model or numerical simulation model, while a direct and effective method is
to carry out the assessment based on the monitoring data of the project itself. However,
some issues need to be addressed. First, the monitoring points are only located at the inlet
and outlet of each crossing water-conveyance structure of the Main Canal, and therefore,
the roughness and head loss coefficient of the internal structure cannot be calibrated sepa-
rately, preventing the direct use of the conventional equations for head loss calculations.
Second, the current water-conveyance flow rate of the Main Canal is lower than the design
maximum water-conveyance flow rate (i.e., the increased flow rate), so the estimation can
only be made based on the current monitoring data obtained at low flow rates. Finally, the
monitoring equipment in the project is installed in the field, and the monitoring data are
easily affected by environmental and human factors. Thus, the data need to be verified
before use.

This study was carried out based on the monitoring data of the Main Canal from
April to August of 2022. In total, 30 out of 158 crossing water-conveyance structures
were selected, and observations were made simultaneously using high-precision portable
instruments to correct some of the monitoring data. A head loss calculation method using
the combined head loss coefficient was proposed to estimate the head losses of 143 analysis-
ready structures. The total number of buildings with the measured head loss less than
or equal to the distributed head loss and their number in each subgroup, as well as the
spatial distribution of head losses of the structures, were statistically analyzed, the main
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influencing factors causing head loss to increase were examined, and countermeasures and
suggestions were proposed. This research method can be used as a reference for similar
large-scale long-distance open channel water-conveyance projects.

2. Materials and Methods
2.1. Study Area

The 158 crossing water-conveyance structures to be assessed are all located in the
section between the Taocha Gate and Beijumahe Gate of the Main Canal. This section is
1197 km long and relies on the gravity flow for water-conveyance along the whole route.
The Main Canal has a design flow rate of 350 m3/s and an increased flow rate of 420 m3/s
at the starting point, and a design flow rate of 50 m3/s and an increased flow of 60 m3/s at
the ending point. The canal has a wide and shallow trapezoidal section with a full section
of concrete lining, a design roughness coefficient of 0.015 (taking into account the head
losses of the transition sections, bends, and piers of bridges crossing the canal), a side
slope of 1.5–3.5, and an average bottom slope of 1/25,000. The size of the canal section
decreases from south to north with the flow rate, the design water depth changes from
8.0 to 3.8 m, and the bottom width changes from 29.0 to 7.0 m [3]. The freeboard of the
canal was designed based on the water surface profile for the increased flow rate and varies
in the range of 0.8 to 1.8 m.

The 158 crossing water-conveyance structures include 102 inverted siphons, 27 aqueducts,
17 underdrains, and 12 culverts. Each structure consists of an inlet transition section, an inlet
gate chamber section, a main structure section, an outlet gate chamber section, and an outlet
transition section, with a design roughness coefficient of 0.014 (Figure 2, an example). There
are 61 control gates in total, with an average spacing of about 20 km, of which 59 are arranged
in combination with the crossing water-conveyance structures and located at the inlets of
aqueducts, culverts, and underdrains and at the outlets of inverted siphons.
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Figure 2. Scheme of an inverted siphon: (a) profile view and (b) plan view.

Water gauges are installed at the inlets and outlets of the crossing water-conveyance
structures, located upstream of the inlet transition section and downstream of the outlet
transition section, and the water level is read manually through a camera. There are
59 crossing water-conveyance structures with control gates, near which pressure water
level gauges (or ultrasonic water level gauges) and ultrasonic flowmeters are installed to
automatically monitor the water levels and flow rates. The study area contains a total of
97 offtakes, all of which are equipped with ultrasonic flowmeters.

2.2. Data Collection and Checking

From April to August of 2022, water-conveyance with a high flow rate was imple-
mented in the Main Canal, and the flow rate reached or exceeded the design flow rate
during some periods. The personnel at field management stations used the water level
gauges and flowmeters installed in the project to record the water level and flow rate at the
inlet and outlet of each structure, as well as the control status of the gates at 10:00 a.m. and
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16:00 p.m. every day, as shown in Table 1. Analysis showed that 143 of the 158 structures
had the monitoring data of more than 15 days of water conveyance with free flow (i.e., the
gates of the structures were fully opened) for head loss analysis.

Table 1. Example of monitored water level and flow records of the project (at 16:00 on 20 May 2022).

Structure Monitoring Point Location Stake Number Water Gauge
Reading (m)

Water Level Difference
between Inlet
and Outlet (m)

Measured Flow
Rate (m3/s) Gate Control Status

Aqueduct of Yanling River

Upstream of inlet
transition section 48 + 740 144.81

0.15 322.54 Fully opened
Downstream of outlet

transition section 49 + 161 144.64

Inverted siphon of Xizhao River

Upstream of inlet
transition section 69 + 523 143.69

0.10 327.07 Fully opened
Downstream of outlet

transition section 69 + 874 143.58

During the above-mentioned water-conveyance with a high flow rate, the researchers
of this study used equipment such as radar water level gauges and shipborne acoustic
doppler current profilers (ADCPs) (Table 2) to conduct prototype observations of 30 struc-
tures (including 20 inverted siphons, seven aqueducts, two culverts, and one underdrain).
In-site elevation benchmarks are utilized to locate and calibrate the instruments (Figure 3).
In addition to the water levels and flow rates at the inlets and outlets of these structures,
the water-conveyance flow regimes at the inlets and outlets and inside of the open flow
sections were recorded.

Table 2. Observation instruments and performance parameters.

No. Type Model or Specification Main Performance Indicators Measurements

1 Radar water level gauge HZ-RLS-26L-50 Range: 0.25–15 m; Range hole: 0.25 m; Range accuracy: ±2 mm Water level

2 ADCP SonTek RiverSurveyor Velocity measurement range: ±10 m/s; Resolution: 0.001 m/s; Accuracy: ±1% Discharge

3 Remotely controlled
unmanned ship system Nortek USV Scope of application: rivers or channels with a velocity of 0–5 m/s /

4 Electronic level Leica SPRINTER 100/100M

Elevation measurement accuracy: 2.0 mm; Distance measurement accuracy:
standard deviation = 10 mm when distance <10 m and standard

deviation = 1‰ of the measured value when distance ≥ 10 m;
Distance measurement range: 2–80 m

Elevation

5 Rangefinder Leica D5 Measuring range: 0.05–200 m; Measuring accuracy: ±1.0 mm DistanceWater 2023, 15, x FOR PEER REVIEW 5 of 14 
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The measurement results offered by the field management stations in the project and the
checked measurement results from researchers in this study are compared in Figure 4. The
analysis shows that the two sets of results were generally in good agreement. The water levels
measured in the project had random errors with deviations in the range of ±0.10 m. The flow
rates measured in the project had overall relatively small systematic errors with deviations of
less than 7.2%. Based on the examined measurement data, the flow rate correction equation in
Figure 4b was fitted to correct the measured flows in the project.
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2.3. Method for Calculating Head Losses of Crossing Water-Conveyance Structures

A crossing water-conveyance structure is composed of inlet and outlet transition
sections, inlet and outlet gate chamber sections, and a main section. The total head loss hw
is the sum of the frictional head loss hf and the local head loss hj in each section:

hw = ∑hf + ∑hj (1)

hf is usually calculated as follows:

hf =

[
2gLi

C2R

(
A
Ai

)2
]

v2

2g
(2)

where subscript ‘i’ is the index of a section, Li is the flow path length of section i, and Ai is
the average cross-sectional area of section i. Variables without a subscript are for a specified
section, commonly the main section of a structure. R is the average hydraulic radius, C is
the Chezy coefficient, C = R1/6/n, n is the roughness coefficient, and v is the average flow
velocity. The form of the equation for calculating hj varies with the type of structure [15].
The following equation is usually adopted for the gate chamber section:

hj = ζg
vg

2

2g
(3)

where vg is the average flow velocity of the gate chamber section and ζg is the local head
loss coefficient of the gate chamber section. The following equation is usually used for the
body section of an inverted siphon [15]:

hj = (ζa + ζb + ζc + ζd)
vs

2

2g
(4)
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where vs is the average flow velocity of the body and ζa, ζb, ζc, and ζd are the local head
loss coefficients of the pipe inlet, pipe bend upstream, pipe bend downstream, and pipe
outlet of the inverted siphon, respectively. The following equation is usually employed for
the transition section:

hj = ζt

∣∣∣∣va
2

2g
− vb

2

2g

∣∣∣∣ (5)

where va and vb are the average flow velocities of the inlet and outlet of the transition
section, respectively, and ζt is the local head loss coefficient of the transition section.

For the Main Canal, when only the water levels and flow rates at the inlet and outlet
sections of a structure are available, the roughness coefficient n and each local head loss
coefficient cannot be calibrated, so Equations (2)–(5) cannot be used directly. Given that
structures usually operate in the region of quadratic resistance, both frictional and local
head losses are proportional to the square of the flow velocity, so hw can be expressed as the
product of a combined head loss coefficient ζ and a specified characteristic cross-sectional
flow head:

hw = ζ
v2

2g
(6)

ζ =

[
∑ ζi(

A
Ai

)
2
+ ∑

2gLi

C2R

(
A
Ai

)2
]

v2

2g
(7)

Clearly, ζ contains several resistance-related factors (such as R in Equation (2)) that
vary with the water level and ζ varies with the flow rate. However, when the Main Canal
is operated in a large flow rate range, the water level is relatively stable and factors such as
R do not change much, so ζ can be approximated to be fixed.

The calibration of ζ by Equation (6) requires knowledge of v2/2g and hw. To facilitate
the calculation of v using the monitored water level, the specified characteristic sections of
each structure are chosen in the main section. For aqueducts, underdrains, and culverts, the
width of the characteristic section is the bottom width, and the height of the characteristic
section is the average of the inlet and outlet water depths. For inverted siphons, the
dimensions of the characteristic section are taken from the original dimensions. To obtain
hw, one needs to measure the potential head and the velocity head. The equation for the
energy conservation between the inlet section i and the outlet section i + 1 of a structure is
written as follows:

zi + αi
v2

i
2g

= zi+1 + αi+1
v2

i+1
2g

+ hf + hj (8)

where z is the water level of the section, α is the kinetic energy correction factor, and v is
the average flow velocity of the section. When structures convey water at a high flow rate,
v is generally within 1.2–1.5 m/s and the velocity head difference between the inlet and
outlet accounts for less than 1% of the total head loss, which can be ignored. Thus,

hw ≈ zi − zi+1 (9)

The relationship between the water level difference between the inlet and outlet and
the velocity head of the characteristic section (i.e., zi − zi+1 and v2/2g) of each structure
was plotted according to Equations (6) and (9) and the slope of the linear fitting curve was
ζ. The relationships between zi − zi+1 and v2/2g for the inverted siphon in the Baihe River
and the aqueduct in the Caohe River are plotted as examples in Figure 5a,b, respectively,
and the corresponding ζ values were 4.05 and 5.97.



Water 2023, 15, 871 7 of 14

Water 2023, 15, x FOR PEER REVIEW 7 of 14 
 

 

The calibration of ζ by Equation (6) requires knowledge of v2/2g and hw. To facilitate 
the calculation of v using the monitored water level, the specified characteristic sections 
of each structure are chosen in the main section. For aqueducts, underdrains, and culverts, 
the width of the characteristic section is the bottom width, and the height of the charac-
teristic section is the average of the inlet and outlet water depths. For inverted siphons, 
the dimensions of the characteristic section are taken from the original dimensions. To 
obtain hw, one needs to measure the potential head and the velocity head. The equation 
for the energy conservation between the inlet section i and the outlet section i + 1 of a 
structure is written as follows: 

2 2
1

1 1 f j2 2
i i

i i i i
v vz z h h
g g

α α +
+ ++ = + + +  (8)

where z is the water level of the section, α is the kinetic energy correction factor, and v is 
the average flow velocity of the section. When structures convey water at a high flow rate, 
v is generally within 1.2–1.5 m/s and the velocity head difference between the inlet and 
outlet accounts for less than 1% of the total head loss, which can be ignored. Thus, 

hw ≈ zi − zi+1 (9)

The relationship between the water level difference between the inlet and outlet and 
the velocity head of the characteristic section (i.e., zi − zi+1 and v2/2g) of each structure was 
plotted according to Equations (6) and (9) and the slope of the linear fitting curve was ζ. 
The relationships between zi − zi+1 and v2/2g for the inverted siphon in the Baihe River and 
the aqueduct in the Caohe River are plotted as examples in Figure 5a,b, respectively, and 
the corresponding ζ values were 4.05 and 5.97. 

  
(a) (b) 

Figure 5. Relationship between zi − zi+1 and v2/2g for structures: (a) an inverted siphon of the Baihe 
River and (b) an aqueduct of the Caohe River. 

When the head losses of aqueducts, underdrains, and culverts were estimated under 
the design maximum water-conveyance flow rates (i.e., the increased flow rates) using 
Equation (6), a trial-and-error approach was used because the water depth of the charac-
teristic section varied with the flow rate and thus affected the values on both sides of the 
equation simultaneously. 

  

y = 4.050x
R² = 0.728

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.120 0.130 0.140 0.150 0.160

z i－
z i+

1(m
)

v²/2g

y = 5.973x
R² = 0.721

0

0.1

0.2

0.3

0.4

0.5

0.6

0.066 0.069 0.072 0.075 0.078

z i－
z i+

1(m
)

v²/2g

Figure 5. Relationship between zi − zi+1 and v2/2g for structures: (a) an inverted siphon of the Baihe
River and (b) an aqueduct of the Caohe River.

When the head losses of aqueducts, underdrains, and culverts were estimated under
the design maximum water-conveyance flow rates (i.e., the increased flow rates) using
Equation (6), a trial-and-error approach was used because the water depth of the charac-
teristic section varied with the flow rate and thus affected the values on both sides of the
equation simultaneously.

3. Results and Discussion
3.1. Calculation Results of Head Losses of Crossing Water-Conveyance Structures

Due to space limitations, only the calculation results of the head losses of the eight
structures most upstream and the eight structures most downstream of the Main Canal
among its 143 structures are listed in Table 3. Also listed in the table are the design maxi-
mum water-conveyance flow rate, distributed head (water head reserved for a structure
during the planning and design stage), residual head (distributed head minus head loss),
and maximum monitored flow. A positive value of the residual head indicates a surplus of
the distributed head, and a negative value indicates an excess head loss.

The distributions of distributed heads and residual heads of the 143 crossing water-
conveyance structures of the Main Canal are shown in Figure 6 in the order of upstream to
downstream. There were 103 (72%) structures with surplus distributed heads and 40 (28%)
structures with excess head losses. There were 31 inverted siphons with excess head losses,
accounting for 30% of the total number of inverted siphons, with an average excess of
0.07 m and a maximum excess of 0.17 m; four aqueducts with excess head losses, accounting
for 15% of the total number of aqueducts, with an average excess of 0.15 m and a maximum
excess of 0.32 m; four underdrains with excess head losses, accounting for 24% of the total
number of underdrains, with an average excess of 0.04 m and a maximum excess of 0.11 m;
and one culvert with excess head loss, accounting for 8% of the total number of culverts,
with an excess of 0.07 m.

According to the statistics of the spatial distribution, the head loss and residual head
of the crossing water-conveyance structures in the Main Canal are shown in Table 4. The
structures in the south section of Chuanhuang Gate, the section from Chuanhuang Gate to
Zhanghe Gate, and the section north of Zhanghe Gate all had residual distributed heads,
which were 0.48, 1.06, and 1.51 m, respectively, amounting to a total residual head of 3.05 m.
In terms of the proportion of the residual head to the distributed head in different canal
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sections, the section south of the Chuanhuang Gate had a significantly low proportion
(only 4%), while the other two canal sections had proportions of 13% and 12%, respectively,
resulting in an average of 9% for all the canal sections.

Table 3. Calculation results of head losses of crossing water-conveyance structures.

No.
Design Maximum
Water-Conveyance
Flow Rate (m3·s−1)

Distributed Head (m) Head Loss (m) Residual Head (m) Monitored Maximum
Flow Rate (m3·s−1)

1 420 0.36 0.30 0.06 351.28

2 420 0.50 0.46 0.04 348.84

3 410 0.30 0.24 0.06 348.86

4 410 0.21 0.18 0.03 349.41

5 410 0.22 0.11 0.11 344.36

6 410 0.26 0.17 0.09 344.24

7 410 0.10 0.03 0.07 345.09

8 410 0.09 0.16 −0.07 345.09

9 70 0.21 0.16 0.05 64.13

10 70 0.22 0.16 0.06 64.13

11 70 0.07 0.09 −0.02 66.08

12 70 0.08 0.03 0.05 66.08

13 70 0.10 0.09 0.01 66.08

14 70 0.11 0.08 0.03 63.01

15 70 0.25 0.14 0.11 62.99

16 70 0.23 0.21 0.02 62.99
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Table 4. Head loss and residual head of crossing water-conveyance structures by canal section (unit: m).

Canal Section Taocha Gate–Chuanhuang Gate Chuanhuang Gate–Zhanghe Gate Zhanghe Gate–Beijumahe Gate Taocha Gate–Beijumahe Gate

Stake number 0 + 000–483 + 471 483 + 471–731 + 366 731 + 366–1197 + 669 0 + 000–1197 + 669

Distributed head 12.14 8.29 12.99 33.42

Head loss 11.66 7.23 11.48 30.37

Residual head 0.48 1.06 1.51 3.05

Residual head as percentage of
distributed head 4% 13% 12% 9%

In summary, the crossing water-conveyance structures of the Main Canal generally had
surplus distributed heads, the spatial distributions of which, however, differed significantly.
About 28% of the total number of individual crossing water-conveyance structures, mostly
inverted siphons, had excess head losses.
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3.2. Analysis of Factors Influencing the Head Loss Increase

Prototype observations and investigations showed that, in addition to the increase
in roughness caused by natural aging during the eight years of project operation [21,22],
the attachment of freshwater mussels and algae to the structure surface, the existence of
sediment at the bottom, and the presence of undesirable flow regimes at the inlet and outlet
and inside the structure were all important influencing factors that caused an increase in
the head loss of the structure.

(1) Attachment of freshwater mussels. Freshwater mussels were found attached to
the underwater concrete surfaces of the crossing water-conveyance structures during the
maintenance of the Main Canal in recent years (Figure 7). The underwater investigation of
the distribution of freshwater mussels in the Main Canal from October to December of 2017
revealed that the attachment densities of four of the 12 sampling points along the entire
route were above 5000 ind·m−2 and up to 10,190 ind·m−2 [23]. Freshwater mussels tended
to be concentrated in dark water with a flow velocity range of 0.3–0.9 m·s−1 and 3 m below
the water surface [24]. The entire Main Canal had a water depth of over 3 m, and a flow
velocity in the range of 0.33 to 1.1 m·s−1. Most of the crossing water-conveyance structures
are closed structures, which are suitable for the enrichment of freshwater mussels [25].
The influence of freshwater mussel attachment on the roughness of the Main Canal is still
under investigation [26]. According to the measured results of the Dongshen Water Supply
Project, the freshwater mussels increased the roughness of underdrains from 0.0123 at the
beginning of the year to 0.0167 at the end of the year, an increase of 35.77% [27]. Results
from laboratory pipe tests showed that the roughness of the pipe nearly doubled after the
attachment of freshwater mussels (with a density of 12,000 ind·m−2) [28].
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(2) Algal attachment. A large amount of algae has proliferated abnormally in the Main
Canal in the springs and autumns since 2016 [29]. Algae attached to the sidewalls increase
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the resistance to water flow. After they age, fall off, float up, and accumulate, they can clog
facilities such as the inlet screen of the structure, which leads to local damming and an
increase in the head loss. Research on the effect of algae on the roughness of the Main Canal
is still underway. A study of channels in an irrigation district in Japan showed that the
influence of algae on the channel roughness varied with water temperature and turbidity,
and the roughness coefficient increased from 0.011 to 0.019 within a month [30]. A study
on the channel of a hydropower station in Australia revealed that the removal of algae
attached to the channel sidewalls increased the channel’s water-conveyance capacity by
10% [31].

(3) Sediments at bottom of structure. The Main Canal draws water from the Dan-
jiangkou Reservoir, and there is very little silt from the water source. However, during the
flood season, external floodwaters overflow into the canal through the drainage structures
on the left bank many times, resulting in different degrees of sedimentation near some
structures [32,33]. An investigation in 2017 showed that the flood control risk of 31 of
the 73 drainage structures on the left bank along the Main Canal did not meet the design
requirements, and overflow could cause external water to enter the canal under flood
conditions far below the design standard [34]. According to the survey of the 72-km section
at the end of the Main Canal from 2019 to 2020, the main types of sediments were silts,
algal residues, fallen leaves, freshwater mussels, and other miscellaneous materials, which
were mainly distributed in areas with gentle flow velocities, such as canal bends, water
diversion areas, and before exit gates. The sediments had an average thickness of 0.2–0.3 m,
and some were as high as 1–2 m; the sediments in inverted siphons had a thickness of
about 0.02 m, mainly composed of algal residue sediments (Figure 8) and small quantities
of miscellaneous materials such as water bottles, plastic bags, and garbage, rather than
silt [35]. The research and development of environmentally friendly underwater dredging
equipment suitable for the Main Canal and regular dredging have become urgently needed
to improve the water-conveyance capacity of the Main Canal [36].

Water 2023, 15, x FOR PEER REVIEW 11 of 14 
 

 

 
Figure 8. Sediments in an inverted siphon. 

(4) Undesirable flow regime of inverted siphons. When the Main Canal conveyed 
water with a high flow rate, some inverted siphons made regular “pop” sounds at the 
outlet of the pipe body when the control gate was fully opened, accompanied by the rapid 
gushing of the water body and the formation of surging waves hitting the radial gate pan-
els. At the same time, a symmetrically distributed vortex zone appeared at the end of the 
outlet pier of the inverted siphon outlet, and periodic water level fluctuations formed in 
the outlet gate chamber section. It has been shown that the symmetrically distributed Kar-
man vortex street formed by the water flow at the gate pier of the inverted siphon outlet 
was the main cause of the above phenomenon, which adversely affected smooth water-
conveyance and structural safety and increased the head loss [37]. At present, manage-
ment personnel suppress undesirable flow regimes by adjusting the underwater depth of 
the control gate at the cost of a certain amount of head. 

(5) Undesirable flow regime of aqueducts. When the Main Canal conveyed water 
with a high flow rate, the water level in adjacent slots of some aqueducts showed alter-
nating large fluctuations, with a maximum amplitude of 1.2 m, which severely affected 
the stability of water conveyance and the structural safety of the project [4]. Since the aq-
ueduct only has a freeboard of about 0.5 m, the large fluctuations make it impossible to 
operate according to the design water-conveyance capacity. Previous studies have 
pointed out that the “Karman vortex street” (Figure 9a) at the gate pier of the aqueduct is 
the root cause of the above-mentioned undesirable flow regime [5,12]. In 2021, the shape 
of the inlet and outlet diversion piers was optimized for the Lihe Aqueduct. Field obser-
vations in July 2022 showed that the undesirable flow regime was improved significantly 
(Figure 9b). Undesirable flow regimes in other aqueducts were suppressed mainly by ad-
justing the gate outflow rate of adjacent slots, which unfortunately increased the corre-
sponding head loss. 

 
(a) (b) 

Figure 9. Flow regime at the outlet: (a) the aqueduct of the tributary of the Shuangji River and (b) 
the aqueduct of the Lihe River. 

  

Figure 8. Sediments in an inverted siphon.

(4) Undesirable flow regime of inverted siphons. When the Main Canal conveyed
water with a high flow rate, some inverted siphons made regular “pop” sounds at the
outlet of the pipe body when the control gate was fully opened, accompanied by the rapid
gushing of the water body and the formation of surging waves hitting the radial gate panels.
At the same time, a symmetrically distributed vortex zone appeared at the end of the outlet
pier of the inverted siphon outlet, and periodic water level fluctuations formed in the
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outlet gate chamber section. It has been shown that the symmetrically distributed Karman
vortex street formed by the water flow at the gate pier of the inverted siphon outlet was the
main cause of the above phenomenon, which adversely affected smooth water-conveyance
and structural safety and increased the head loss [37]. At present, management personnel
suppress undesirable flow regimes by adjusting the underwater depth of the control gate
at the cost of a certain amount of head.

(5) Undesirable flow regime of aqueducts. When the Main Canal conveyed water with
a high flow rate, the water level in adjacent slots of some aqueducts showed alternating
large fluctuations, with a maximum amplitude of 1.2 m, which severely affected the stability
of water conveyance and the structural safety of the project [4]. Since the aqueduct only has
a freeboard of about 0.5 m, the large fluctuations make it impossible to operate according
to the design water-conveyance capacity. Previous studies have pointed out that the
“Karman vortex street” (Figure 9a) at the gate pier of the aqueduct is the root cause of
the above-mentioned undesirable flow regime [5,12]. In 2021, the shape of the inlet and
outlet diversion piers was optimized for the Lihe Aqueduct. Field observations in July
2022 showed that the undesirable flow regime was improved significantly (Figure 9b).
Undesirable flow regimes in other aqueducts were suppressed mainly by adjusting the gate
outflow rate of adjacent slots, which unfortunately increased the corresponding head loss.
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3.3. Suggestions for Countermeasures

Some countermeasures are proposed to reduce the head loss of the structures and
ensure the effective use of their water-conveyance capacity based on the head loss calcu-
lation results of the structures and the analysis of related factors in combination with the
experience learned from the Main Canal itself and other projects:

• Regularly clean up the sediments in the structures, remove algae and freshwater
mussels attached to the surface, and apply roughness-reducing materials if necessary.

• Modify the shapes of the inlet and outlet structures of the crossing water-conveyance
structure with undesirable flow regimes.

• Dredge and expand the drainage structures on the left bank with a high flood risk,
raise the levees at the inlet and outlet, and set up grit chambers upstream.

• Explore the option of adding water-conveyance channels in the case that the existing
crossing water-conveyance structures cannot be modified.

• Add automatic monitoring sections and advanced monitoring equipment to improve
the intelligent sensing and precise control ability of the Main Canal.

• Increase the frequency of daily inspections during periods of water conveyance with a
high flow rate and periods when rainstorms, floods, and geological disasters likely occur.

• Check the margin of safety of the structures under long-term water conveyance with a
high flow rate and take structural strengthening measures if necessary.
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• Check the aeration conditions of the water conveyance with a high flow rate in the
underdrains and increase the number of aeration facilities if necessary.

• Take engineering and management measures to reduce the roughness of the canal and
mitigate the impact on its flow capacity due to damming at the outlet of the structure.

4. Conclusions

The Main Canal of the South-to-North Water Diversion Project faces the risk of a
reduced water-conveyance capacity of the crossing water-conveyance structures. Therefore,
it is very important to carry out a head loss assessment, determine the causes, and propose
countermeasures to ensure the safety of the water supply. Based on the monitoring data of
the Main Canal during the water conveyance with a high flow rate in 2022, the head losses
of 143 structures under the design maximum water-conveyance flow rate were calculated
after examining field observations and performing data correction. The assessment showed
excess head losses in 40 structures, which included 31 inverted siphons, with a maximum
excess of 0.17 m; four aqueducts, with a maximum excess of 0.32 m; four underdrains, with
a maximum excess of 0.11 m; and one culvert, with an excess of 0.07 m. The structures in the
Main Canal had a total residual head of 3.05 m, accounting for 9% of its distributed head.
Among them, the canal section south of the Chuanhuang Gate, the canal section from the
Chuanhuang Gate to the Zhanghe Gate, and the canal section north of the Zhanghe Gate
had residual heads of 0.48, 1.06 and 1.51 m, respectively, accounting for 4%, 13%, and 12%
of the distributed head. Freshwater mussel and algal attachments, sediments such as silts
and algal residues, and undesirable flow regimes are important factors for the increased
head loss. The recommended measures include the regular removal of sediments and
the attached algae and freshwater mussels, application of roughness-reducing materials,
shape optimization of the inlet and outlet of structures, improvement of the flood discharge
capacity of drainage structures on the left bank, addition of water-conveyance channels,
and strengthening of water monitoring and project inspections.

This study was carried out based on the monitoring data in 2022. There were certain
errors in the estimated results because the water-conveyance flow rate had not yet reached the
design level at that time. As the water flow rate of the Main Canal continues to increase, the
estimated results will become more accurate in the future. The proposed method to calculate
the combined head loss, under the condition of insufficient monitoring, data can be used as a
reference for similar large-scale, long-distance open channel water-conveyance projects.
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