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Abstract: This study applies a new method and technology to measure the discharge in a 

lined canal in Taiwan. An Acoustic Digital Current Meter mounted on a measurement 

platform is used to measure the velocities over the full cross-section for establishing the 

measurement method. The proposed method primarily employs Chiu’s Equation which is 

based on entropy to establish a constant ratio the relation between the maximum and mean 

velocities in an irrigation canal, and compute the maximum velocity by the observed 

velocity profile. In consequence, the mean velocity of the lined canal can be rapidly 

determined by the maximum velocity and the constant ratio. The cross-sectional area of the 

artificial irrigation canal can be calculated for the water stage. Finally, the discharge in 

the lined canal can be efficiently determined by the estimated mean velocity and the 

cross-sectional area. Using the data of discharges and stages collected in the Wan-Dan 

Canal, the correlation of stage and discharge is also developed for remote real-time 

monitoring and estimating discharge from the pumping station. Overall, Chiu’s Equation is 

demonstrated to reliably and accurately measure discharge in a lined canal, and can serve 

as reference for future calibration for a stage-discharge rating curve. 

Keywords: discharge estimation; entropy; hydrology; maximum velocity; open channels; 

rating curve 
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1. Introduction 

The increasing deficiency of water resources has gradually attracted worldwide attention. It is also 

the focus of issues in the related governmental units in Taiwan. Due to the increase in world 

population and advances brought about by industrialization, there is a heavy demand for water in 

various uses. Agricultural water is the top demand among the various water uses in Taiwan. Therefore, 

whenever a water deficit occurs, agricultural water is often diverted to supply the water requirements 

for other uses. The water deficit problem is getting more and more serious in Taiwan every year. 

Allocating agricultural water for supporting people’s livelihood and other industries often leads to 

fallow agricultural fields and disputes over the distribution of water resources among different 

governmental units. Water resources play a crucial role in the economic development and survival in 

Taiwan. How to effectively use and allocate existing water resources is an inevitable issue. Under the 

condition that water resources increase in importance, having possession of water rights has become 

relatively vital and studies regarding water rights and the water market have been carried out [1,2]. 

Consequently, accurate control over available water yield at any time is a matter of great urgency. 

Irrigation Associations in Taiwan possess partial and important water resources. In order to 

effectively control the input and output of water, to reasonably allocate water for supplying water 

demands, and to reduce the probability of water deficit, the Irrigation Associations have to have rapid 

and accurate access to the water yield data of their irrigation canals. While discharge measurements 

were always ignored in the past, it has now been taken seriously by the Irrigation Associations due to 

the need to control water yields in irrigation areas and reasonably allocate the amount of water 

required. In consideration of sustainable water use in Taiwan, discharge gauging systems have to be 

installed to effectively monitor and control discharge in irrigation canals. The Wan-Dan First Pumping 

Station of the Irrigation Association of Pingtung did not have a system for monitoring and measuring 

discharge for its irrigation canals, hence this study, by carrying out a comprehensive estimate and 

calibration task, aimed to provide accurate discharge measurements in the irrigation canal of the  

Wan-Dan First Pumping Station. 

In general, empirical equations are often applied to estimate the mean velocity and discharge in 

streams and canals. The Manning Equation is the most popular one among the empirical equations. 

However, the Manning Equation is based on the concept of uniform flow, and the roughness coefficient in 

the equation is not constant, and can be influenced by the factors such as velocity, hydraulic radius [3], 

and Froude number [4]. Applying the Manning Equation to estimate discharge in a non-uniform open 

channel flow will cause problems. Furthermore, under the condition of unsteady flow, the flow 

conditions vary dramatically, and discharge measurements must be completed in a short time. 

It is time-consuming and therefore difficult to obtain the required data on the velocity and discharge 

with the conventional discharge measurement methods. Many methods have been applied for 

estimation of discharge in irrigation canals. The instruments and facilities to estimate discharge 

through measuring water stage or head include weirs and flumes [5]. Some methods combine velocity 

measurement instruments, such as current meters [6], acoustic Doppler profilers [7] with the  

velocity–area method to measure discharge [8,9]. In order to solve the problem of setting up an 

automatic monitoring and measuring instrument at a proper location of the Wan-Dan Canal, an 

Acoustic Digital Current Meter (ADC) is employed to make velocity measurements.  
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Recently information entropy has been applied in hydraulics [10–13] and in hydrology [14,15]. 

Combined with Chiu’s Equation, this study conducts discharge measurements for building up a 

stage–discharge rating curve, which will be convenient for the Wan-Dan First Pumping Station to 

remotely monitor discharge and further to allocate discharge in irrigation canals. In order to maintain 

the measurement accuracy, the rating curve has to be verified regularly. If the pumping station is able 

to rapidly and accurately measure the discharge, manpower and the cost of discharge measurements 

can be reduced. This study develops an efficient, simple and applicable method to measure discharge 

in a lined canal. While conducting this study, we first change the discharge in the lined canal to make 

velocity measurements over the full cross-section by using the ADC for calculating discharges and 

mean velocities of the cross-section at various water depths. The location of the y-axis where the 

maximum velocity occurs can also be determined from those observed velocities. Therefore the 

maximum velocity can be calculated from the velocity profile on the y-axis to determine the constant 

ratio of mean to maximum velocities, and further to establish a method of discharge measurement 

in the irrigation canal. With this discharge measurement method: (1) procedures for measuring 

discharge in lined canals will be established, (2) the time to measure discharge will be shortened, 

(3) the cost of human resources will be reduced, and (4) accuracy of measuring discharge in lined 

canals will be improved. 

The rest of the paper is organized as follows: the computation algorithm is described in the section 

entitled “Discharge Computation in a Lined Canal” followed by a discussion of the method of data 

processing in the section “Measurements and Data Processing”. Finally, the data analysis of the  

Wan-Dan Canal is covered in “Results and Discussion”. 

2. Materials and Methods 

2.1. Discharge Computation in a Lined Canal 

The discharge measurement method applied in this study can be used in any kind of flow 

conditions. It has been verified that the purposed method can be applied to measure discharge during 

floods [16], and in estuaries [17]. It has also been implemented in several places including Taiwan [18], 

US [19], Italy [20], and Algeria [21]. The method employs the constant ratio of mean to maximum 

velocities for efficiently estimating discharge. The method uses the velocity-area method of 

streamflow measurement [22]: 

estestest AuQ   (1)

in which estQ  = estimated discharge; estu  = estimated mean velocity of the cross-section; and estA  = 

cross-sectional area of the canal. 

Chiu’s Equation [23,24], from which the method of discharge measurement can be derived, is able 

to fully describe and precisely simulate the maximum velocity of water flow occurring below or on the 

water surface [23]. It is given by: 
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where maxu  = maximum velocity in a given cross-section; u = velocity at  ;   = variable with which u 

increases [24]; M = parameter of the probability distribution, when M increases, umax occurs on the 

water surface, in open channel flows, when M is less than 5.6, umax occurs below the water surface [24]; 

and max  = maximum value of   at which maxu  occurs. The   curves are the isovels; and points on an 

isovel have the same value of  . The   value along the y-axis is: 
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in which y = distance from the channel bed; D = water depth at the y-axis; and h = parameter for 

indicating the location of maximum velocity. If maxu  occurs below the water surface, h is the actual 

depth of maxu  below the surface. If maxu  occurs on the water surface, 0h . Based on the probabilistic 

way of thinking, the probability of velocity being less than or equal to u is max  if the velocity is 

randomly sampled in a channel section. Thus: 
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in which )(up  = density function of u. 

The information entropy [25] is defined as:  
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in which u  = mean velocity of cross section. If the entropy is maximized subject to Equations (6) and 

(7) by the method of Lagrange multipliers, the relation between mean and maximum velocities will be: 
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in which   is the constant ratio of obsu  to maxu  for a given cross-section; and obsu  = observed mean 

velocity as: 

obs

obs
obs

A

Q
u   (9)

in which obsQ  = observed discharge; and obsA  = observed cross-sectional area. 

It is obvious that maxu  usually occurs in the center of a cross section if the channel is straight and the 

section has a symmetrical shape, but this does not happen in a natural channel. Fortunately the shape of 

irrigation canals is usually symmetrical and the course of the canal is usually straight upstream and 

downstream from the gauge site, thus it will not be too difficult to find the location of  

the y-axis in an irrigation canal by drawing a set of isovels. 
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In accordance with the method described above, this study first conducts discharge measurements 

by using the ADC, estimates the maximum velocity on the y-axis, and then obtains the mean velocity, 

which is determined by: 

maxuuest   (10)

Because most of irrigation canals in Taiwan are rectangular in shape and built with reinforced 

concrete, the cross-sectional area can be estimated as: 

WDAest   (11)

in which W = width of the canal;. Finally, the discharge in the irrigation canal can be estimated by 

Equation (1) or WDuQest max . 

After all of the velocity and water depth measurements are made, the observed discharge can be 

calculated by the mean-section method. By applying mean-section method, segment discharges are 

computed between successive verticals. The velocities and depths for successive verticals are each 

averaged as the mean velocity and depth of the segment. Therefore the discharge of segment is: 
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in which ia  = area of the segment i; di = depth of water at the observed vertical i; and bi = distance 

from the reference point to the observed verticals i; iq  = discharge of the segment i; iv  = mean 

velocity at the observed vertical i. Thus the observed cross-sectional area and discharge are derived by: 


n

iobs aA
0

 (14)


n

nobs qQ
0

 (15)

The determination of mean velocity at a vertical will affect the accuracy of the discharge 

measurement. The vertical velocity curve method [26] is used to precisely estimate the mean velocity 

on each vertical. Instead of measuring the area between the curve and the ordinate axis with a 

planimeter and dividing the area by the length of the ordinate axis, Equation (2) is used to simulate the 

velocity distribution for determining the mean velocity of the vertical. Based on a series of velocity 

observations at points well distributed between the water surface and the stream bed, the parameters in 

Equation (2) can be determined with non-linear regression method. Therefore the mean velocity on the 

vertical is: 
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Ideally, a rating curve for an artificial irrigation canal can describe a unique functional relationship 

between water stage and discharge. Therefore the discharge can be estimated by using the  

stage–discharge rating curve, if the rating curve exists. After sufficient measurements of discharge and 
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water stage suitably distributed throughout the range of water depth are made, a stage–discharge rating 

curve can be developed for monitoring the discharge in real-time and continuously. Usually the simple  

stage–discharge curve can be used in an irrigation canal: 

 Nr eGpQ   (17)

in which rQ  = discharge estimated by the stage-discharge rating curve; G = water stage; e, p and  

N = constants. 

2.2. Measurements and Data Processing 

There are five pumps at the Wan-Dan Fist Pumping Station; four of them supply water from the  

Ga-Ping River to the Wan-Dan Canal, as shown in Figure 1. The Wan-Dan Canal flows away from the 

pumping station in an S shape. Inside the pumping station, the flow is very unstable and the depth at 

the weir crest is similar so it is difficult to accurately measure discharge by means of the weir at the 

pumping station. 

Figure 1. Layout of the Wan-Dan First Pumping Station and the gauge site. 

 

A gauge system is installed in the Wan-Dan Canal, approximately 150 m away from the weir. The 

course of the canal is straight for more than 100 m upstream and downstream from the gauge site. 

Owing to the concrete lined irrigation canal, the channel bed is stable and free of growth and decay of 

aquatic matter. Flow is steady and fairly uniformly established across the entire width of canal at the 

gauge site; it is an ideal location for measuring discharge. 

The instrument employed in the study is an ADC, which is a highly accurate measurement 

instrument and is primarily used to measure velocity in open channels, such as rivers and streams. The 

ADC measures the velocity of water using a physical principle called the Doppler effect [27,28]. The 

ADC consists of two transducers that operate independently of each other. Each transducer sends out a 
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beam of acoustic waves at a fixed frequency and receives the echoes returning from sound scatters in 

the remote sample volume. The remote sample volume with diameter 1 cm is located 10 cm in front of 

the sensor. ADC is also installed with an absolute piezoresistive pressure cell, and is able to provide 

the accurate location of the measuring position. Capable of measuring velocities between −0.2 and 2.4 m/s, 

the accuracy of ADC is 1% of measured velocity. 

In order to remotely monitor the discharge of the canal, a float-type gauge and a staff gauge are 

installed at the gauge site. The float-type gauge is equipped with an LCD indicating water depth and 

battery status. For safety, the gauge with default resolution in mm is protected in a 12.7 cm pipe for 

continuously and uninterruptedly measuring the water stage. Not only is the data stored in-situ, but 

also is sent to the control room of the Wan-Dan First Pumping Station via a RS-485 connection. 

Furthermore, in order to measure velocities over the full cross-section of the canal, we design a 

measurement platform, on which operators can carry out the task and the facilities can be installed, 

such as the velocity instrument. The platform, which can be easily and quickly assembled and 

dismantled, is applicable to be used in irrigation canals. Also, after the platform is assembled, it can be 

lifted and moved easily to the gauge site by two men or a crane. A sounding rod with a gauge is 

connected with the ADC, and they are installed upon the sliding rail of the platform. By moving up 

and down or to the left and the right on the sliding rail, the ADC can be easily moved to the velocity 

measuring positions. Figure 2 shows the experimental platform installation and how the measurements 

were conducted. 

Figure 2. Measurement platform mounted with ADC for measuring discharge in the  

Wan-Dan Canal. 

 

The Wan-Dan Canal is a 3 m wide rectangular channel built with reinforced concrete. To develop a 

reliable and accurate discharge measurement method for the Wan-Dan Canal, a large amount of data 

on velocities over the full cross-section is collected. It is conventional to make the nine verticals 
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equidistant for measuring the velocity profiles. Both of the verticals 1 and 2 are 0.2 m away from the 

vertical sides, and the remaining verticals are 0.325 m apart. Velocity observations in the vertical 

depend on the water depth. Ten velocity measurements are made equidistantly from the water surface 

to the channel bottom at each vertical when the water depth is higher than 0.5 m, but otherwise five 

velocity measurements are measured equidistantly. 

While this study is carried out, flow is controlled by the pumps in order to maintain the stability of 

discharge and stage at the gauge site. After the first discharge measurement is completed, flow in the 

canal is adjusted for the next measurement. The task is conducted repeatedly till the data of discharge 

and stage is adequate to develop a stable stage–discharge relationship. Aiming to develop a reliable 

rating curve, 14 runs of discharge measurement were carried out over the range of water stage 

variation from 14 March to 16 March 2011, as shown in Table 1. 

Table 1. Discharge and water stage measured in the Wan-Dan Canal. 

RUN Date G (m) Q (m3/s) 

1 3/14/2011 0.92 1.84 

2 3/14/2011 0.85 1.60 

3 3/15/2011 1.02 2.25 

4 3/15/2011 0.95 1.94 

5 3/15/2011 0.97 2.06 

6 3/15/2011 0.88 1.67 

7 3/16/2011 0.78 1.40 

8 3/16/2011 0.71 1.08 

9 3/16/2011 0.67 0.97 

10 3/16/2011 0.63 0.84 

11 3/16/2011 0.51 0.53 

12 3/16/2011 0.47 0.44 

13 3/16/2011 0.42 0.32 

14 3/16/2011 0.10 0.00 

3. Results and Discussion 

Figure 3 shows all observed velocity profiles of RUN 1 made by the ADC and the estimated 

velocity profiles simulated by employing Equation (2). As expected, the observed velocity profiles are 

very close to the simulated ones. It also shows the capability of Chiu’s Equation to compute the 

maximum velocity and simulate the velocity profile in the irrigation canal. The correlation of water 

stage and discharge is shown in Figure 4. The simple stage–discharge relation for the permanent control 

can be expressed as   77.110.065.2  GQ . The correlation coefficient which is a measure of relationship 

between two random variables is up to 0.996. The rating curve throughout the entire range of water stage 

is the basis for remotely real-time monitoring discharge from the Wan-Dan First Pumping Station. 

Figure 5 shows the isovels of RUN 1 in the Wan-Dan Canal. Like the velocity profiles in most open 

channels with solid boundaries, in which the maximum velocity occurs below the water surface a 

distance of 0.05‒0.25 m of the depth [29], the maximum velocity of the canal occurs very close to the 
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water surface. It also shows that the vertical 6 located at the center veering to the right of the canal is 

the y-axis. The figure also shows the velocities on the verticals closing to both vertical sides do not 

change too much from the channel bed to the water surface. However there is an obvious change in 

velocity on the y-axis. 

Figure 3. Velocity profiles of Run 1 observed by ADC and calculated by using Equation (2). 
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Figure 4. The simple stage–discharge relationship of the Wan-Dan Canal. 

 

Figure 5. Isovels and y-axis of Run 1 in the Wan-Dan Canal. 

 

With the isovels as shown Figure 5, created from the 13 measurement runs, the analysis indicates 

that only one maximum velocity occurs slightly away from the vertical 6 and that the other 12 

maximum velocities all occur on the vertical 6, as manifested in Figure 6. The result illustrates the 

stability of the y-axis in the Wan-Dan Canal and indicates that the y-axis is not under the influence of 

factors such as water stage and discharge, i.e. the location of the y-axis is fairly stable [17,19,30,31]. 

Therefore the maximum velocity of the flow area can be determined from velocity samples on the y-axis. 

Figure 6. Stability of the y-axis. 
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The observed data set is randomly split into two independent subsets: the calibration, and validation 

subsets. The calibration subset with nine sets of data is used for parameter estimation. The validation 

subset, which consists of four sets of data, is devoted to show the performance of the discharge 

estimation model. In the calibration phase, a linear relationship passing through origin with a large 

correlation coefficient (R) existing between the mean and maximum velocities in the gauge site is 

obtained, as shown in Figure 7. The result is in conformity with the argument in Equation (8) that the 

constant ratio,  , in a given cross-section will remain a steady relationship. It does not vary with water 

stage and discharge in the lined canal. 

Figure 7. Relation between observed mean velocity and maximum velocity in the  

Wan-Dan Canal. 

 

Figure 8 shows the relation of observed mean velocities obtained by Equation (9) and estimated 

mean velocities obtained by Equation (10) in the gauge site. To estimate estu , Chiu’s Equation is 

applied to calculate the maximum velocity based on the velocity profile measurements on the y-axis. 

Excellent agreement between obsu  and estu  is found. It confirms the accuracy of the proposed method 

in computing the mean velocity in the irrigation canal. 

Figure 9 shows the observed and the estimated discharges in both calibration and validation phases. 

The estimated discharges calculated on the mean velocity derived from the y-axis and the cross-sectional 

area estimated by water stage are very close to the discharge measurements made by the ADC. The 

error is under 0.4%. The larger R2, 0.999, also confirms the precision of the proposed method used in 

the irrigation canal. This result indicates the capability of Chiu’s Equation to reliably and accurately 

estimate discharge in an irrigation canal. 
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Figure 8. Comparison of the mean velocities measured by ADC and Chiu’s Equation. 

 

Figure 9. Relation between estimates of discharge based on relationship of mean and 

maximum velocities and those based on cross-sectional ADC measurements. 
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The stage-discharge rating curve is then developed; the calibration of rating curve cannot be carried 

out just once. Several discharge measurements a year may be required to either confirm the 

consistence of the rating or to detect and follow shifts in the rating curve. With the proposed discharge 

method as the basis, the discharge of the Wan-Dan Canal can be measured in the gauge site in the 

future with only a few velocity measurements made on the y-axis for computing the mean velocity. 

Then the discharge can be rapidly and precisely estimated for calibrating the stage–discharge rating 

curve. It is no longer time-consuming and costly to measure discharge for verify the accuracy of the 

rating curve of the irrigation canal. 

4. Conclusions  

Combined with a new method of measurement and new technology, this study develops an efficient 

and simple method which is applicable to measure the discharge in lined canals. The ADC mounted on 

the measurement platform employed in the study is able to quickly and precisely measure the 

velocities over the full cross-section. By collecting a substantial amount of data on velocity observed 

in the canal for computing mean velocities by Chiu’s Equation, the accuracy of observed discharge can 

hence be improved for acquiring a precise stage-discharge rating curve. 

The proposed method for measuring discharge in an irrigation canal principally applies the 

correlation of mean and maximum velocities. However it still needs to employ the velocity-area 

method to derive the observed discharge for computing the observed mean velocity. Then the ratio of 

observed mean velocity and maximum velocity derived for velocity measurements made by the ADC 

on the y-axis can be obtained. Finally the discharge can be estimated by a constant ratio, the maximum 

velocity and the cross-sectional area. Accuracy and reliability of the proposed method are proved by 

the results mentioned-above. The success of the discharge measurement method is demonstrated in the 

Wan-Dan Canal. By applying the stage–discharge rating curve, discharge in the irrigation canal can be 

remotely monitored and estimated. The biggest advantage of the discharge measurement method is that 

it can be used to measure discharge periodically for verifying the rating curve. By using this method, it 

is unnecessary to make velocity measurements over the full cross-section [32,33]. This can effectively 

reduce measuring time and cost, and successfully improve the management efficiency of the Irrigation 

Associations in Taiwan. 
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