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Abstract Weir flow measurement is an important content for safety monitoring of hydraulic buildings, and it is of
great significance to strengthen the seepage monitoring of hydraulic buildings to ensure the safety of hydraulic
buildings and feedback design. Based on the basic principles of optimal design of engineering structures and the
theory of structural reliability, this paper uses nonlinear planning to optimize the structural design and flow calculation
method of water-measuring weir in water conservancy canal system, and analyzes the hydraulic characteristics of
the optimized water-measuring weir through numerical simulation, which verifies the effectiveness of the proposed
method. The simulation results show that the influence of the new trapezoidal water-measuring weir with different
orifice heights on the outflow over the weir gradually decreases with the increase of the total head in front of the
weir, and the fitted flow equations are concise, easy to use and highly generalized, with an average relative error of
2.55%. At the same time, the average relative error of the flow and water depth of the U-shaped channel triangular
profile weir is 0.22% and 5.76%, respectively, and the flow measurement accuracy of the long-throat channel
optimized by the method of this paper is also controlled within 6%, which is in line with the flow measurement
requirements of the water measuring channel, which indicates that the simulation results have a certain degree of
reliability, and can provide a reference basis for the optimization of the design of the engineering structure of the
water measuring facilities.

Index Terms nonlinear programming optimization, reliability, numerical simulation, structural design of water
measuring weir, flow calculation; hydraulic characteristics

. Introduction

With the increase in population and socio-economic development, the utilization and management of water
resources are receiving more and more attention. At present, industrialization and urbanization have increased the
pollution of water resources, resulting in water-quality water shortages. Human production and life construction,
economic development, energy use of water resources to increase the demand for water resources, caused by
resource-based water shortage. The construction of a large number of water conservancy projects, the destruction
of the ecological environment of water resources, is more likely to lead to engineering water shortage, so the
shortage of water resources has become a fundamental problem that hinders economic development [1]-[4]. Water
conservancy canal system is an important infrastructure, and its safe operation is directly related to the interests of
agricultural irrigation, urban water supply, ecological environment, etc., which provides support for water resources
management [5]. The total amount of water resources in China is large, temporarily ranked sixth in the world, but
the per capita water resources in China is about 2239.8 m3, only 1/4 of the world average. Due to the progress of
science and technology as well as the increasing awareness of human beings for water resources protection, some
years even show a small increase in the total amount of water resources, but in general, it still shows a decreasing
trend [6]-[9].

In recent years, China's total agricultural water consumption has always accounted for more than 60% of the
country's total water consumption, and farmers' weak awareness of water conservation, as well as the lack of water-
saving technology, has led to a great waste of agricultural water resources, so it is necessary to control the water
use of agricultural irrigation and improve the efficiency of irrigation water use to make the necessary management
measures [10]-[12]. Water measurement in irrigation area is the basic work of agricultural irrigation water
management, the rational allocation of irrigation water, irrigation water utilization coefficient measurement, and the
implementation of per-party charging system cannot be separated from water measurement in irrigation area, but
there are very few water measurement facilities to meet the requirements of inexpensive, high-precision, convenient
measurement, and strong anti-interference ability [13]-[15]. Therefore, the study of water measurement facilities to
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meet the requirements of water measurement in irrigation areas is particularly urgent and important for agricultural
water measurement. In order to adapt to the requirements of the new period to improve the level of irrigation
management in the irrigation area, and to promote the rational allocation and efficient utilization of water resources,
the canal system should be set up with water measuring facilities. Water measuring weir is a kind of water
conservancy engineering facilities based on fluid mechanics and measurement principles, which is used to calculate
the size of water flow, and mainly consists of weir dam, flume and flow measurement equipment [16]. The existing
water measurement weir in the irrigation area generally exists in the low accuracy of flow measurement, elevated
channel water level, head loss is large, the construction of complex body size is large and other shortcomings, but
also generally exists in the large flow measurement is accurate, the small flow measurement deviation is large, does
not adapt to the irrigation area of the last level of the canal system measurement of the water requirements, to the
irrigation area of the accurate measurement of the reasonable distribution of water has caused a certain impact [17],
[18]. In order to improve the water utilization rate, save valuable water head, and improve the accuracy of water
measurement, the construction of simple construction, economical and practical, accurate water measurement
facilities is the main means of water use control in irrigation districts, which not only provides the main basis for
water quantity control and water fee collection, but also has an important significance in promoting water
conservation and improving irrigation methods [19], [20]. Therefore, in order to promote water management in
irrigation areas, it is imperative to improve the water measuring weir.

This paper combines the principle of optimal design of engineering structures and the reliability theory, and uses
NLP method to realize the optimization of the structural design and flow calculation method of the water measuring
weir in the water conservancy canal system. In order to verify the feasibility of the proposed method, trapezoidal
water measuring weir, triangular water measuring weir and long-throat trough water measuring weir are selected
for optimization design, analyze the distribution of water level and flow rate under different working conditions and
the relationship curve between water level and flow rate, and calculate the flow measurement accuracy of the
optimized water measuring weir, so as to provide the data support for the optimization of the structural design of
water measuring weir.

ll. NLP-based structural design and flow calculation method for water measuring weir
Il. A.Fundamentals of optimal design of engineering structures

ll. A.1) Constraints for optimal structural design

In optimization models, there are generally two types of constraints: constant constraints and constraint equations.
Constant constraints, also known as boundary limit constraints, give the allowable range of values for the design
variables. The expression form of constraint equations is based on the selected structural optimization design
variables as the independent variables, and the physical quantities corresponding to the constraints that must be
satisfied to ensure the safety, reliability and applicability of the structure as the dependent variables, and according
to a certain physical-mechanical relationships established by the corresponding functional relationship. When these
relationships are expressed in the form of explicit functions, they are called explicit constraints. While the structural
relationship is expressed in the form of implicit function, it is called implicit constraints. Generally, the geometric
constraints reflecting the geometric interrelationships can often be expressed as explicit constraints, while the stress
constraints, deflection and other deformation constraints, stability constraints, main frequency constraints and other
structural state constraints can often only be expressed as implicit constraints.

In engineering optimization problems, engineering structural optimization problems containing geometric
constraints and morphological constraints can be divided into two categories: linear planning problems and
nonlinear planning problems, where the objective function and the constraint function are linear functions, and the
objective function and the constraint function of the latter, where at least one of the objective function and the
constraint function is a nonlinear function.

Il. A.2) Mathematical model for optimal structural design
If an engineering structural problem has 7 design variables, the mathematical model for its structural optimization
can be formulated as:

Find the design variables:

x=[x,x,, x]T(xeR") (1)

>%n

Make its objective function:

f(x)=f(x.%,,+,x,) = Min(Or Max) 2)
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while satisfying the constraints:

g.i(x)=g,i(x1’x27“.’xm)20 (j=l,2,--~,m) (3)
he(X)zhe(xlaxza"'axn)zo (e=1727“'5p<n)
Expressed in the general form, i.e:
min f(x) = f(x,%,,-,x,) (x€R")
s1.g,(x)=0 (j=12,---,m) (4)

h,(x)=0 (e=1,2,---,p<n)

where: m and n are the number of inequality constraints and equation constraints, respectively.

Il. A.3) Optimization of design variables

The purpose of optimal design of engineering structures is to select a most reasonable solution from all possible
solutions. In the process of optimal design of structures, some of those physical quantities involved in the
calculations are in the form of variables called design variables. Other physical quantities will be in the form of
constants, which are called parameters. A structural design solution may be described by a number of design
variables. In a mathematical model, the design variables constitute the “domain” of all possible structural design
solutions, provided that they satisfy the design specifications and certain regulatory requirements, and the number
of design variables is called the dimension of the optimization problem.

ll. A.4) Optimizing the design objective function

In structural design optimization, the criterion used to judge whether the design scheme is superior or inferior is the
objective function, which characterizes one of the most important features or indexes of the designed structure,
such as the self-weight of the components, the volume of materials, the volume of the structure, the cost of the
project or the cost of the project, the structural bearing capacity, the bending stiffness, the self-oscillation
characteristics, etc. The objective function is a function of design variables. The objective function is a function of
design variables. The process of optimal design is to take the objective function as a control criterion to find out the
design variable values corresponding to the maximum or minimum values of this function from many feasible design
solutions, i.e. to select the optimal design solution. In the objective function, the number of design variables to
determine its dimensionality, and the power of the design variables to determine its linear or nonlinear characteristics,
when all variables are a power, the objective function is linear, otherwise it is nonlinear.

Il. B.Nonlinear Planning Optimization Methods (NLP)

Nonlinear constrained optimization is an important part of nonlinear optimization problems. The essence of this type
of model for nonlinear optimization is to find the extreme value of a single-valued function on a finite-dimensional
real space, which may be governed by equational constraints or by inequality constraints. The standard form of a
nonlinear programming problem is as follows:

min f(x)
g&(x)<0 i=1-,p ()
Uh0=0 j=l-g

where x=(x,x,,-,x,)", f(x), g(x),and %,(x) are real-valued functions of x, f(x) is the objective function,

g,(x) is the inequality constraints, and #,(x) is the equality constraints, and it is called an NLP when at least one

of the three is nonlinear [21].
For the NLP model, iterative methods can be used to find its optimal solution. The basic idea of the iterative
method is that, starting from a selected initial point x° € R", a column of points {x‘} is generated according to a

particular iterative rule, such that when {x*} is an exhaustive column of points, the last point thereof is an optimal

solution of the NLP model. When {x*} is an infinite point column, it has limit points and its limit point is an optimal
solution of the NLP model.
Let x* ¢ R be the kth round of iteration points of an iterative method, and x*' ¢ R" be the k+1th round of
iteration points, then the basic iterative format for solving the NLP model is:
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Fr
X =xt e, pt (6)

where ¢, eR', p'eR", ||p" ||:1 ,and p" is the direction determined by the point x* and the point x**'.

According to the basic iteration formula, the optimization process is obtained as follows:

Step1: Select the initial point x° and make k=0.

Step2: Construct the search direction, according to the constraints, so that the search direction is the feasible
descent direction of f at x* about X .

Step3: Find the next iteration point based on the iteration formula:

X =x* e, pt (7)

Step4: Replace x* with x**' and return to Step2.

Step5: Repeat the above steps until the optimal solution is obtained.

In this paper, the NLP optimization method is used for the structural optimization of the water measuring weir,
which adopts the dynamic process associative solving strategy to completely discretize the differential-algebraic
model equations and optimization problem through the finite element polynomial configuration method. The
discretized model is characterized by more equation constraints, relatively low variable degrees of freedom and
sparse structure. Therefore, in this paper, by discretizing the flow measurement process of the water measuring
weir, the finite element polynomials are established by using the parameters of the shape, angle and size of the
weir, and the cooperation relationship between the measuring devices of the weir is used as the constraints, which
ultimately achieves the purpose of optimizing the design of the weir structure and the flow calculation. The specific
flow of thnonlinear planning optimization method to optimize the structure of the water measuring weir is shown
in Figure [1..

Design in];l[;ezxz;jrt ELI‘:;?: Design Motion Optimization
Variables quaiity quatity Variables Trajectory Objective
constraints Constraints
[ i I [ i I
. Objective
Constraints function

[ J

Measure the shape,

angle and size of
the weir

Optimization function of
weir structure

End

Figure 1: Flow chart of NLP method to optimize weir structure

Il. C.Reliability-based structural optimization design of water-measuring weir

Structural reliability, a probabilistic measure of structural reliability, is the probability that a structure will fulfill its
intended function within a specified time and under specified conditions, also known as the probability of reliability
[22]. In this section, a nonlinear programming optimization of the structural design of the gauging weir is carried out
based on the theory of structural reliability.

Il. C.1) Optimization of design issues _
The conventional structural optimization problem is shown in equation (8)):

min () = f(x.5,,,%,) (reR")
st.g;(x)<0 (j=12,---,m) (8)
h,(x)=0 (e=12,---,p<n)
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where the constraint equations #,(x)=0 and g;(x)=0 are geometric and dispositional constraints. Among the
temperament constraints, they are generally stress constraints, such as the maximum stress at the danger point
does not exceed the code allowable value i.e. o, —[c]1<0, and displacement constraints, such as the mid-span

deflection of the beam does not exceed a certain limiting value i.e. V., —[V']1<0, and so on.

Whereas, in reliability-based structural optimization problems, the constraint equations are given in terms of the
failure probability or reliability index of the structure, e.g., when establishing the constraint equations in terms of the
structural failure probability, the stress condition is expressed as follows: the probability of the maximum stress at

the hazardous point, o, , exceeding the normative allowable value, [c], P;,is not exceeded by the target failure
probability, [7], i.e:

Optimization of weir structure design and flow calculation method using nonlinear programming in water conservancy canal system

P, =P{o,, 2[c]}<[P] (9)

When the constraint equation is established with the reliability index /, the above stress condition is expressed
as follows: the maximum stress at the hazardous point o,,, does not exceed the code tolerance value [a] and

the reliability index /S is not less than the target reliability index [/], viz:
B=plo. <[] =[] (10)

In reliability analysis, stress conditions are generally replaced by load capacity conditions, such as flexural
capacity of the member in the normal section, shear capacity in the diagonal section, and so on.

When the structural arrangement and the materials used are certain, the structural optimization problems based
on reliability are of the following two types:

(1) The first type of optimization problem

That is, the optimization problem “to minimize the structural volume or cost under the constraints of structural
target reliability or structural failure probability”, and its mathematical model is expressed as follows:

Find the design vector:

X:[xl,xz,---,xn]T (1)

Make the objective function:

S(X)=f(x,0,0x,) (12)

is minimum (or maximum) and satisfies the constraints:

g, (X)=[B]-B,(X)<0(j=12,m) (13)

where: m denotes the number of temperament constraints. S,(X) denotes the structural reliability metric for the

J th constraint. [#] denotes the objective reliability index.

(2) The second type of optimization problem

It is to design the structure under the constraint that the “volume or cost” of the structure is a definite value, so
that the reliability index of one or several functions in terms of load carrying capacity and usability can reach or
exceed the target value stipulated in the specification, and its mathematical model can be expressed as follows:

Find the design vector:

Xz[xl,xz,--‘,xn]T (14)
Make structural reliability indicators:

and fulfill the conditions:

W(X)—WSO(ezl,Z,---,p) (16)
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Where: m is the number of structural safety and reliability control indicators. 27 is the number of economic
control indicators.

The second type of optimization problem has actually become a multi-objective optimization problem. In this paper,
the structural optimization problem of water-measuring weir belongs to the first type of optimization problem.

Il. C.2) Solution methods

There are two main types of solution paths to solve the structural optimization problem based on the reliability theory:
the mathematical planning method and the optimization criterion method. The former is based on the function value
and derivative value of the current design scheme, according to some rules, in the multidimensional design variable
space, automatically generate a logical optimization process, and gradually carry out the search until the optimal
solution is approximated, in which the function value and derivative value corresponding to each step of the new
scheme are derived according to the structural analysis method. Its advantage is that it can solve a variety of
different nature of the optimization problem, good generality, but its disadvantage is that the number of iterations
increases with the number of variables. Optimization criterion method, on the other hand, is based on the physical
or mechanical properties of the problem, the establishment of a certain optimization criterion, on the basis of which
the corresponding iterative formula, or in accordance with the mathematical planning theory of the Kuhn-tucker
conditions to establish the optimization iterative formula. The former is called the intuitive criterion method, and the
latter is called the rational criterion method. The advantage of the criterion method is that the number of variables
has little effect on the calculation volume, but the generalization is poor and the convergence is not guaranteed,
which is suitable for the initial design stage of the structure.

Il. C.3) Optimization steps for water measuring weir structure

In view of the above analysis, and taking into account the nature of the structural optimization problem of the water-
measuring weir studied in this paper, this paper selects the composite shape method belonging to the mathematical
planning class of methods for solving the problem, in which the calculation of structural reliability indexes is based
on the method of checking points, and the steps of the structural optimization calculation of the water-measuring
weir are shown in Fig. 2.

Determine the design variables, inputs and their statistical
characteristics (generalizations and statistical parameters)

|

Establishment of a mathematical model for structural
optimization (objective function, constraint equations)

|

Formation of the initial composite shape, its statistical
characteristics (generalized and statistical parameters)

|

Input convergence criteria

|

Reflect, move, extend and contract the composite form |«

N | Adjust and form
Determine whether the convergence criterion is satisfied anew composite

shape
L Y

Output design variables, objective function values,
reliability index 8

|

End

Figure 2: Flowchart of structural optimization calculation

Il. D.Measurement Principles and Design of Water Measuring Weirs
Il. D.1) Weir flow measurement methods
(1) Principle of weir flow measurement
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Weir flow is a water flow phenomenon in which the slow flow overflows through the top of the baffle after the baffle
(weir) is set in the open channel. Due to the role of the baffle, the water level in front of the plate will rise, when the
flow rate from the weir is equal to the flow rate of the channel, the water level in front of the weir and the flow rate
over the weir has formed a stable relationship between the relationship is determined by the structure of the shape
of the weir plate to block the water, through the measurement of this time the height of the water level, you can be
based on the corresponding relationship between the flow rate. The higher the flow in the nullah, the higher the
level will be, and the lower the flow, the lower the level will be.

The method of measuring the flow rate of the weir is suitable for the flow rate between 1-300L/s, and the
measurement in this range has a high measuring accuracy. When the flow rate is between 1-70L/s, the triangular
water measuring weir is used, and experiments have proved that the right-angle triangular weir is suitable for the
flow rate of less than 30L/s. Trapezoidal weir is suitable for measuring flow between 10-300L/s. Rectangular weir is
mostly used for measuring flow between 1-300L/s and 1-300L/s. The rectangular water measuring weir is mostly
applied to the flow greater than 50L/s. When the flow range is large, the rectangular water measuring weir can be
combined with the triangular water measuring weir to form a composite weir for measurement.

(2) The choice of water measuring weir and its structural design

The main purpose of this paper is to optimize the structural design and calculation method of water measuring
weir, and the main factors to be considered for the selection of water measuring weir include experimental conditions,
the complexity of water measuring weir fabrication, the measuring range of weir flow, and the accuracy requirements.
This paper mainly carries out design and measurement experiments on triangular water measuring weir, trapezoidal
water measuring weir and wide top weir.

Il. D.2) Flow calculation formulas
(1) Formula for calculating the flow rate of triangular water measuring weir

Hydraulic modeling experiments used in the right-angle triangular water measurement weir flow calculation
formula usually contains three independent factors, respectively, for the flow coefficient C, weir tank width B and
weir head H , in the hydraulic modeling experiments in the textbook used in the calculation of the flow formula for:

0=CBH” (17)

The flow coefficient C is not a fixed value, will be with the water level, the width of the tank and other changes
and take a different value. Flow coefficient C value is calculated as:

2
C:1.354+0'004+[0.14+Ej(£—0.09j (18)
H B

NG

The applicable range of this formulais p=0.01~0.75m , B=0.44~1.18m, H =0.07~0.25m .

In this paper, the formula for calculating the overflow capacity O of the delta weir with respect to the relevant
parameters is deduced using the method of magnitude analysis. The analysis shows that the overflow capacity of
right-angled triangular water measuring weir is related to six factors, which are head over weir H , weir channel
width B, weir height P, density £, gravitational acceleration &, viscosity coefficient #, etc., and then the

overflow capacity O can be expressed by the following functional equation:

O=f(H. B. P. p. g 1) (19)

For the basic physical quantities, H#, 2,and &£ canbe chosen, andthen O can be expressed by a functional
equation consisting of other dimensionless parameters, which are calculated by using the method of magnitude
analysis [23]:

0= f{i,ﬁ,%]g“h’” (20)
pg
Order:
S p u
C=f[g,ga—m g"” (21)
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Then there is:

0=CH" (22)

In this paper, the corrected fitted empirical formula is used:

0=133H* (23)

(2) Flow calculation formula of trapezoidal water measuring weir

Trapezoidal water measuring weir flow calculation formula and triangular water measuring weir flow calculation
formula is similar, only the flow coefficient is different, and the index relationship with the formation of the water level
is also different. The formula for calculating the flow over the weir is:

3
0 =1.86Bh? (24)

where: O indicates the flow rate over the weir (m3 /s), B indicates the width of the weir mouth (m), h

indicates the depth of water over the weir (m), and 1.86 is the flow coefficient.

The weir outlet form of various water measuring weir has two cases of free outflow and submerged outflow, and
the experiment shows that when free outflow is used, the water measuring weir has higher accuracy in measuring
the flow, so in the research of this paper, the water level and flow rate calculation method under the case of free
outflow is adopted.

(3) lterative method for flow calculation

In hydraulics, taking into account the water mobility characteristics, often design iterative method to carry out the
calculation of flow, in order to reduce the measurement error caused by water fluctuations. Take the standard
triangular water measurement weir as an example to illustrate the process of flow calculation by iterative method:

1) List the values of head (%), bottom width (B), and weir height (p).

2) Calculate the flow coefficient (C) using equation (W).

3) Approximate it step by step:

Setp1: Substitute weir width B , water level height #,, and flow coefficient C, into flow calculation formula (ﬂ)
to calculate the initial approximation of flow 0, .

Setp2: Based on the value of O,, find the new water level information %, on the standard water level-flow curve
or in the water level-flow table.

Setp3: Substitute the value of #,, as well as the weir width B and weir cantilever 7 into Equation (18) to
calculate the new value of flow coefficient C,.

Setp4: Substitute the values of C,, B and 4, into Eq. (17) again to calculate the second approximation of the
flow rate O, .

4) Repeat the above steps until the error existing between the calculated flow rate and the flow rate obtained from
the previous calculation is within the permissible limits.

1. D. 3) Design of measuring devices

The water measuring weir designed in this paper is mainly for measurement and practice in the laboratory. For the
measurement of water level and flow rate need a whole device composed of water supply tank, flowing water nullah,
water measuring weir plate and so on, in order to carry out the experiment, the specific requirements are:

(1) The bottom and sides of the device are well sealed. If the water tank or water facilities leak, it will affect the
water level, which will cause errors in the flow measurement results.

(2) The device needs to have a certain load-bearing capacity. Because in the measurement process, there will
be more water flow in the channel, has a certain weight, need to channel and water supply tank has enough bearing
capacity.

(3) Flow rate can be adjusted to facilitate the experiment. In the experimental process, it is necessary to monitor
a variety of different flows within the measurement range, and it is necessary to adjust the flow size to control the
height of the water level on the weir for measurement.

Based on the above requirements, the experimental device using 4mm transparent plexiglass plate as the
material, in accordance with the optimized engineering design drawings spliced together, between each glass plate
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using chloroform firmly bonded, in order to ensure the sealing of the use of silicone rubber filler after bonding.
Considering that water has volatility in the flow, which affects the accurate measurement of water level, the device
is perfected, that is, according to the principle of the connecting device, a small container is connected externally at
the location of the water level measurement, so that it is connected to the channel, so that the measurement of the
water level height in the channel is transformed into the measurement of the water level height in the outer container.

lll. Numerical simulation of water measuring weir and analysis of results

In this paper, the proposed structural design optimization method is applied to the structural optimization of
trapezoidal weir, triangular weir and wide top weir, and the hydraulic characteristics of these new weirs are simulated
numerically to verify the feasibility of the proposed method.

lll. A. Hydraulic Characterization of New Trapezoidal Measuring Weir

lll. A.1) Depth and flow before weir

In this section, numerical simulation is used to simulate the total flow rate Q=17.34, 20.21, 23.46, 28.19, 32.43,
39.57, and 43.12 L/s for each of the improved weir and the four new trapezoidal water-measuring weirs with orifice
heights z of 40, 50, 60, and 70 mm, and the difference of inlet and outlet flow rates of less than 1% is taken as a
condition of convergence, and a monitoring section to monitor the outflow flow over the weir.

The measured and simulated weir head values are compared and analyzed as shown in Table 1. Where H
denotes the total head measured at 0.7m upstream of the weir plate, and 6 denotes the relative error. The
maximum relative error between the simulated value and the test value is 5.70%, and the average relative error [J
is 2.55%, which indicates that the simulation of the new trapezoidal water measuring weir using Fluent software is
an effective and reliable method.

Table 1: Comparison of test values with simulated values

H/m Q/(L-s™) H/m
z/mm Q/(L-s™) - 8% | z/Imm - %
Test value Simulated value Test value Simulated value

17.34 0.1531 0.1575 -2.87 17.34 0.1524 0.1537 -0.85

20.21 0.1857 0.1918 -3.28 20.21 0.1921 0.1845 3.96

23.46 0.1947 0.1836 5.70 23.46 0.1734 0.1681 3.06

40 28.19 0.2297 0.2336 -1.70 50 28.19 0.1936 0.2023 -4.49
32.43 0.2113 0.2075 1.80 32.43 0.2015 0.2069 -2.68

39.57 0.2513 0.2594 -3.22 39.57 0.2525 0.2397 5.07

43.12 0.2478 0.2437 1.65 43.12 0.2409 0.2394 0.62

17.34 0.1526 0.1461 4.26 17.34 0.1445 0.1413 2.21

20.21 0.1604 0.1649 -2.81 20.21 0.1506 0.1537 -2.06

23.46 0.1808 0.1728 4.42 23.46 0.1604 0.1615 -0.69

60 28.19 0.1906 0.1895 0.58 70 28.19 0.1792 0.1836 -2.46
32.43 0.1935 0.1861 3.82 32.43 0.1917 0.1873 2.30

39.57 0.2266 0.2245 0.93 39.57 0.2098 0.2114 -0.76

43.12 0.2292 0.2336 -1.92 43.12 0.2283 0.2258 1.10

lll. A. 2) Effect of orifice overflow on outflow over a weir
Related literature research shows that when the water flows through the hole weir structure water discharge building,
there will be water stratification under the influence of the building, respectively, from the building on the top and
bottom through, and there will be an internal role between the top and bottom through the flow, mutual influence.

The new weir structure compared to improve the weir at the bottom of the additional orifice, the structural
difference will make the original improvement of the weir of the overflow law changes, this need for the new weir
weir on the overflow law research. In this paper, the monitoring section on the weir is set in Fluent software, so as
to obtain the overflow on the weir under different bottom hole heights and different flow conditions, and the
monitoring value of the section on the weir is compared with the calculated value of the formula of the improved
weir fitted in the relevant literature, as shown in Fig. 3. Where (a)~(d) denote the orifice height z of 40, 50, 60 and
70 mm, respectively.

The monitoring values of overflow over the weir with different orifice heights under different total heads before the
weir are all slightly larger than the calculated values of the formula, which indicates that after the addition of the
bottom orifice, the overflow over the weir is promoted by the orifice overflow. Through the analysis, it can be seen
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that the overflow from the weir has a downward velocity component in the process of falling, and the weir flow in
the downstream of the channel and the convergence of the orifice flow, the weir flow by the influence of the orifice
flow changes in the flow rate of the weir flow, and the orifice flow of the weir flow into the flow rate is shown as a
kind of promotional effect, which increases the flow rate of weir flow, so the flow rate is increased. Examining the
characteristics of the difference between the monitoring value and the calculated value, it can be seen that the
fluctuation range is from 0.54 to 2.01L/s, and the difference gradually decreases with the increase of the flow rate,
which indicates that with the increase of the flow rate, the influence of the orifice overflow on the overflow on the
weir is getting smaller and smaller.

35 25 33 25
| Weir formula calculated value

Weir formula caleulated value [ Weir flow monitoring value
28+ ] Weir flow monitoring value //" 420 wh Relative esor 156
Relative error 7

QL

0.12 0.15 0.18 0.21 0.24 0.27
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(a) z=40mm (b) z=50mm

Weir formula caleulated value
[ Weir flow monitoring value
32+ Relative error 424

Weir formula calculated value
Weir llow monitoting value
Relative error 424

0
0.12 0.15 0.18 021 0.24 0.27
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(c) z=60mm (d) z=70mm

Figure 3: Comparison of weir flow monitoring value and formula calculation value

lll. A.3) Combined flow coefficients
It is found that the integrated flow coefficient C is most significantly related to 4/z, H/z. From the new weir
structure, it can be seen that the total head in front of the weir H =h+d +z, and when converted to H/z, itis

found that it has more part of the size effect (d,z) than #/z, which makes the correlation between the integrated
flow coefficient C and H /z worse, so the paper analyzes the relationship between the integrated flow coefficient
C and h/z.

The relationship between the integrated flow coefficient C and #4/z is shown in Fig. @ The integrated flow
coefficient C of the new weir with different orifice heights increases with the increase of %/z. The fitting of
different %/z with the calculated integrated flow coefficient shows that the complex correlation coefficient reaches
0.997. Based on the principle of simple, easy-to-use and generalizability of the formula, the relationship between
the integrated flow coefficient m and h/z is obtained, and the flow measurement formula of the new type of weir
with different orifice heights is calculated as shown in Eq. ():

Y h
0={0.0964| — | +0.875—+0.431 |\/2gbhz (25)
z z

The range of application is as follows: Q=[0.015,0.046]m’/s, »=280mm, z=[40,70]mm, /=[0.03,0.18]m,

p=120mm
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Figure 4: Relationship between comprehensive flow coefficient C and h/z
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Calculate the flow rate values at different weir front heads with different bottom hole heights and compare them
with the measured values, and the comparison results are shown in Table 2.

From Table , it is learned that the maximum relative error of flow rate of equation () is 5.49%, and the average
relative error is 2.58%, which meets the requirements of the national agricultural water measurement accuracy. As
the formula () can be calculated for different orifice height of the new weir flow, eliminating the need to re-rate the
integrated flow coefficient due to the different height of the orifice, the formula is more versatile. For the improved
weir of »=280mm , a rectangular orifice with a height of 60mm can be set at the bottom of the weir plate to form a
new type of weir, at which time the maximum relative error of the calculated flow rate is 3.26%, and the maximum
overcurrent flow rate expands by 480% compared with the standard type and 36% compared with the improved

weir, with a high improvement in the scope of application, which can be applied in production practice.

Table 2: Comparison result between measured flow values and calculated flow values

z/mm hicm Him %
Calculated value Measured value

6.89 19.52 20.24 3.56

9.54 22.27 23.43 4.95

40 11.27 27.63 28.32 2.44

14.21 38.77 38.73 -0.10

14.08 43.17 43.21 0.09

5.34 17.2 17.68 2.71

7.95 23.06 23.55 2.08

50 10.04 27.9 28.18 0.99

13.54 39.6 38.85 -1.93

14.79 43.56 43.21 -0.81

4.7 17.38 17.66 1.59

5.7 20.7 20.39 -1.52

60 7.99 28.04 28.15 0.39

11.66 39.88 38.62 -3.26

13.35 44.29 43.1 -2.76

4.87 18.47 17.62 -4.82

6.12 24.72 23.52 -5.10

70 7.67 28.83 28.01 -2.93

9.35 33.84 32.52 -4.06

12.96 45.55 43.18 -5.49

lll. B. Hydraulic characterization of U-shaped channel triangular profile weir
In this section, numerical simulations are carried out on the U-shaped channel triangular profile weir obtained by
structural optimization of the triangular water measuring weir to analyze its hydraulic characteristics, to further verify

the effectiveness of the optimization method of structural design and flow calculation in this paper.
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lll. B. 1) Model validation

Select the effective water depth upstream, use the formula to calculate the corresponding flow rate, according to
the flow rate to calculate the corresponding inlet velocity, the simulation of the water surface line, read the simulated
depth of water, and the use of weir flow formula to calculate the simulated depth of water corresponding to the
simulation of the flow rate, will be selected from the effective depth of water and simulation to get the simulation of
the depth of water compared with the simulation of the design flow rate with the simulation of the flow of the
simulated volume of comparison. In this paper, the effective water depth is selected as 0.40m, 0.37m, 0.35m, 0.34m,
0.32m, 0.29m, and the simulation results are shown in Table @

Table |3 shows that the average relative error and the maximum relative error of flow rate are 0.22% and 0.35%
respectively, and the average simulation error and the maximum relative error of water depth are 5.76% and 8.57%
respectively, and the simulated values of flow rate and water level are closer to the actual values, which shows that
the simulation is accurate and reliable. Due to the sudden reduction of water cross section when the water flows
through the weir and the strong change of water surface, the error of water level is larger than that of flow rate, but
it is still close to the actual value.

Table 3: Simulated flow and water level errors

Design flow /(m®s™") | Simulated flow /(m®s™") | Flow relative error /% | Design depth /m | Simulated depth /m | Relative error of depth /%

0.11053 0.11071 0.16 0.40 0.42 5.00
0.10272 0.10292 0.19 0.37 0.39 5.41
0.09385 0.09402 0.18 0.35 0.38 8.57
0.08627 0.08657 0.35 0.34 0.36 5.88
0.07593 0.07609 0.21 0.32 0.34 6.25
0.06814 0.06828 0.21 0.29 0.30 3.45

Mean relative error 0.22 Mean relative error 5.76

lll. B.2) Flow level relationship curves

The design flow level curve and the simulated flow level curve are plotted in the same coordinates, and the water
level flow relationship curve is shown in Figure 5. It can be seen that the design flow water level curve and the
simulated flow water level curve of the trend is basically the same, the trend line function are exponential function,
and the two curves are basically close to each other, indicating that the two have a unified water level flow
relationship.

04

I Simulated value

[ Actual value

03

0.1

0.08 0.10 0.12 0.14
O /m's’!

Figure 5: Relation curve of water level and discharge

lll. B. 3) Flow velocity distribution at different weir heights

Different weir heights were selected for simulation under the same water level and flow conditions to observe the
effect of weir height on the flow velocity distribution. The effect of different weir heights on the flow velocity is shown
in Fig. @ Among them, (a)~(e) represent the distribution of flow velocity when the weir height is 0.12m, 0.18m,
0.24m, 0.30m and 0.36m under the flow rate of Q= 0.08527m’ /s , respectively.

From Figure 6, we can see that the weir height has a great influence on the distribution of flow velocity, the larger
the weir height, the more drastic the change of flow velocity, the change of flow velocity is mainly reflected in the
weir after the section of the weir, the weir height of 0.12m, the weir before and after the flow velocity is small and
remain stable. When the weir height is 0.18~0.30m, with the increase of weir height, the flow velocity after weir
increases sharply. When the weir height is 0.36m, the flow velocity after the weir changes the most, and the influence
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range also increases. Moreover, the flow velocity in the same section after the weir increases as the weir height
increases.
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Figure 6: Velocity distribution of different weir heights

lll. C. Analysis of water level flow measurement sections in relation to flow rate

In this section, the improved long-throat channel gauging weir with a wide top weir is further structurally optimized
to verify the superiority of the methodology in this paper. The research data mainly come from the measured data
of the long-throat flume weir in the design and application project of river flow measurement and the simulation data
in Winflume.

In Winflume, the geometric parameters of the long-throat channel gauging weir and the starting conditions of the
water flow were defined, including the cross-sectional shape, length, slope, flow velocity, depth, and so on. Using
Winflume software to carry out modeling and rate determination, establish the flow equation, flow table and flow
curve in three forms of water level and flow relationship, to provide a strong basis for accurate water measurement.

According to the basic parameters of the No. 1 long-throat trough, using Winflume software for modeling and rate
determination, the flow formula, flow table and flow curve in the form of three kinds of water level and flow
relationship.

(1) Flow formula:

0=3091(h —0.1)" (26)

where: O that the flow, % that the radar water level meter measured upstream water level, the datum for the
radar water level meter where the section of the channel bottom elevation.
Radar water level meter measured water level into this formula that can be known section flow.

(2) No. 1 long throat channel % ~Q curve shown in Figure 7.
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Figure 7: Number one long throat trough water level-flow curve

(3) The impact of the measurement deviation of the No. 1 water level gauge on the accuracy of flow measurement
is analyzed as shown in Table 4.

These three forms of water level-flow relationship in the No. 1 long-throat trough set up in the canal section design
flow rate 0 =31.82m’/s range are applicable.

The measurement accuracy of radar water level meter is ¥4mm, and the flow measurement accuracy of long
throat trough within this deviation interval is analyzed. As can be seen from Table 4|, the radar water level meter
normal operation deviation range of long throat trough flow measurement accuracy control within 6%, in line with
the flow measurement requirements of the water measuring trough. When the upstream water level is <0.6m, the
flow measurement accuracy of the long-throat trough is more sensitive to the deviation of water level measurement,
and if it operates for a long period of time in this water level range, attention should be paid to regular calibration
and maintenance of the radar water level meter to ensure the measurement accuracy. In view of the actual
engineering applications, in the external environmental factors, the water surface at the station fluctuations, it is
recommended to choose a more stable water flow time period of 3 ~ 5 times the average of the water level well
measurements for the calculation, the use of the appropriate size of the connecting tube in the water level well has
a better filtering effect.

Table 4: Analysis of flow measurement accuracy of number one long throat groove

Measuring water level /m | Measured flow / /(m®s™) Accuracy of current measurement /%
Actual water level /m Actual flow /(m3-s™)

P1+amm h14mm Q-4mm Q1-4mm +4mm -4mm
0.200 0.204 0.196 0.729 0.664 0.702 3.846 -5.413
0.400 0.404 0.396 3.664 3.557 3.613 1.412 -1.550
0.600 0.604 0.596 8.905 8.721 8.824 0.918 -1.167
0.800 0.804 0.796 14.589 14.376 14.496 0.642 -0.828
1.000 1.004 0.996 22.293 22.085 22.190 0.464 -0.473
1.200 1.204 1.196 30.627 30.373 30.481 0.479 -0.354
1.400 1.404 1.396 41.174 40.816 40.968 0.503 -0.371
1.600 1.604 1.596 51.643 51.255 51.456 0.363 -0.391
1.800 1.804 1.796 66.171 65.672 65.878 0.445 -0.313
2.000 2.004 1.996 81.635 81.143 81.316 0.392 -0.213

IV. Conclusion

In this paper, trapezoidal water measuring weir, triangular water measuring weir and long-throat trough water
measuring weir are selected as the specific research objects, and the structural design of the weir and the
optimization of the flow calculation method are realized based on the NLP method.

(1) By comparing the simulated head in front of the weir with the monitoring value of the new weir under different
bottom hole heights and different flow conditions, it can be seen that the maximum relative error of the two results
is 5.70%, and the simulation results are highly credible, which can ensure the accuracy. Considering the trapezoidal
water measuring weir in the irrigation area, there is a small range of flow measurement and other problems, on the
basis of the improved weir of b=280 mm, the new weir is formed by adding an orifice with a height of 60 mm at the
bottom, which has a wider range of flow measurement and good siltation prevention effect, and the maximum
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relative error is 5.49%, which fully meets the requirements of the irrigation area for the accuracy of the water
measurement.

(2) By comparing the simulated water level and flow rate relationship curve with the actual water level and flow
rate relationship curve, it can be found that the curve has the same trend, are in line with the exponential function
relationship, the two trend lines are relatively close to each other, and the two have a unified water level and flow
rate relationship. The simulation of different weir heights under the same water level and flow conditions found that
the weir height has a great influence on the flow rate distribution, and the larger the weir height is, the more drastic
the change of flow rate is.

(3) Through the detailed analysis of the flow curve and flow table of the No.1 long-throat trough, the universality
of the design flow range is verified, and the validity of the structural design optimization method of this paper is
verified, and technical support is provided for the long-throat trough volume weir of the Shule River Basin.
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