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Abstract: The aim of this study was an investigation of tile drain flow velocity under variable 

hydraulic conditions and of tile drain discharge using an ultrasonic flow meter. There is an 

essential variance between velocity values measured by an ultrasonic flow meter and reference 

values determined by a laboratory method. Differences result from specific measurement 

conditions, which appear in drainage pipe systems. The values of velocity measured by ultrasonic 

flow meters were higher than the reference values for three examined flow phases: Free, transient, 

and pressured flow. The discharge from a tile drain working on a partially filled up pipe in 

no-pressure conditions should be calculated by an adapted equation based on the California pipe 

method, whereas the discharge from a completely filled up drain pipe working over pressure 

should be calculated as a ratio between 0.428 times the measured velocity and the pipe 

cross-section area. 
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1. Introduction 

Subsurface drainage is an important water management practice on naturally poorly drained 

soils and is designed to lower the water table to prevent waterlogging and flooding and to maintain 

agricultural crop productivity [1,2]. In addition, drainage systems are used for land reclamation to 

expand crop areas. Removal of excess water accelerates drying of the soil at the beginning of the 

growing season, which enables the preparation of the soil for planting earlier, thus lengthening the 

growing season. It provides traction for farm equipment and mechanical strength to reduce 

compaction [3]. Tile drainage systems are most often installed in low-hydraulic conductivity soils, 

such as clays or silty clays. These kinds of soils are characterized by the preferential flow 

phenomenon which can lead to fast water and solutes flowing into the drainage system. Nutrients 

and pesticides are transported by the drainage system to surface water causing contamination and 

eutrophication [4]. The quantification of nutrient transport depends on water movement 

quantification.  

The calculation of the water balance in order to obtain a soil profile or catchment scale requires 

field data collection such as rainfall, evapotranspiration, surface runoff, or, mainly, drainage outflow 

[5]. Several numerical models such as DRAINMOD [6], MIKE SHE [7], SWAT [8,9,10,11], and SWAP 

[12,13,14] have been developed to simulate hydrological processes related to the drainage of heavy 

soils. The catchment model was calibrated in several steps by incrementally including the 

observation data into the calibration to see the effect on the model performance, including diverse 

data types, especially tile drain discharge. Due to the small diameter of drain pipes, as well as the 
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limited space inside drainage wells, the use of direct measuring methods like a tipping bucked [15] is 

extremely limited or even impossible. Moreover, this kind of device requires a free outflow below 

the device because it cannot work while being submerged. Such conditions are usually impossible to 

meet in the case of drainage wells.  

In practice, water raising in a drainage well sometimes follows severe storms. Weirs commonly 

used in open channels and for measuring flumes in pipes require the application of untypical 

solutions, which do not always guarantee the expected measurement accuracy. Presumably, a much 

better solution is to apply a device which allows the determination of the pipe flow rate on the basis 

of the flow velocity measurement. Such devices are known as ultrasonic flow meters. Enamorado et 

al. [16] used an ultrasonic measurement of water levels in a slotted U-pipe for the measurement of 

drainage water flow. However, only water levels and not the flow velocity were measured by an 

ultrasonic sensor. Maheepala et al. [17] used the STARFLOW [18] ultrasonic flow meter to measure 

the storm water runoff. The STARFLOW meter measures both flow depth and velocity. The other 

example of an ultrasonic flow meter, which was chosen for the present research, is the 2150 Area 

Velocity Flow Module [19]. The area velocity flow module measures the liquid-free surface level and 

average stream velocity and calculates the flow rate as well as the total flow. Typical applications of 

that flow meter include sewer flow, inflow and infiltration studies, storm water runoff monitoring, 

and combined sewer overflow monitoring.  

The hydraulic parameters of the stream in a cross-section measurement depend on the pipe 

hydraulic characteristics and pipe outflow conditions. Akgiray [20] applied Manning’s equation for 

calculations of velocity, depth of flow, and slope in partially filled sewer pipes. Processes considered 

to flow in parallel drains and drain collectors have an influence on the hydraulic characteristics in 

the case of field measurements. The intensity of the following interactions affects infiltration, pipe 

flow capacity, ditch conditions, soil erosion, and sedimentation processes along drains and inside of 

the drainage wells.  

An increasing water level in the pipe outflow results in the submergence of the pipe 

measurement section and pipe outflow limitation. Thus, the drainage pipe fills up and transfers into 

pressure condition Stream velocity decreases, and flow is limited. When this condition occurs due to 

the increasing flow rate in the drain, it can be expected to impact the stability of the flow capacity 

curve. However, when additional difficult conditions appear, clear hysteresis of the flow capacity 

curve can be present. The variety of processes causing the increase of a low water level and their 

characters make it difficult to isolate permanent dependencies and requires the development of rules 

for their inclusion in determining the capacity of the pipe. This requires the elaboration of rules to be 

taken into consideration in order to determine the pipe flow capacity. The aim of this study was the 

investigation of tile drain flow velocity under variable hydraulic conditions, as well as the 

determination of tile drain discharge using an ultrasonic flow meter. 

2. Materials and Methods 

The research was conducted in the Hydraulic Laboratory of Warsaw University of Life Sciences 

(SGGW) using the laboratory system with an electromagnetic flow meter as a reference flow meter 

(REF). With REF, water level and flow rate measurements were carried out in a tested pipeline. The 

average velocity values were calculated from the flow and water level values. Investigated the Area 

Velocity ultrasonic flow meter (AV) was connected to the laboratory system.. An AV measures 

liquid levels and average stream velocity in channels or pipes, as well as calculates the flow rate and 

the total flow. The liquid level and velocity measurements are read from an attached AV sensor that 

is placed in the flow stream. Flow rate calculations are performed internally using the measured 

parameters from the AV sensor [19]. The AV sensor is equipped with a differential pressure 

transducer measuring the liquid level and a pair of ultrasonic transducers measuring average flow 

velocity by the Doppler effect [21]. When the depth of flow is very low, reflections from the surface 

of the flow stream are much stronger than reflections from within the flow. Under this condition, the 

flow rate is typically estimated on the basis of the level measurement. With flow depths, the AV 
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estimates the flow rate based on the level measurement and the interpolated velocity derived from 

readings when flow depths are above 25 mm [22].  

The experimental stand reflected field conditions prevailing in a drainage pipe. The problem 

with a drainage pipe is its relatively small diameter, low flow, and insufficient water level for AV 

measurements during some parts of the season. Previous research has shown that discharge 

measurements by a control section with the same diameter as a drainage pipe (75 mm) were 

characterized by poor accuracy, especially for zones of very low and high discharges [23]. Thus, an 

appropriate pipe was assembled, where the diameter and input of the outlet weir guaranteed the 

maintenance of minimum filling in the pipe measuring section. Because of the drain well 

dimensions, where area velocity had to work on purpose, as well as the AV sensor requirements, the 

control section with the outlet weir had a larger diameter than the drainage pipe. The AV sensor was 

installed in a polypropylene pipe (control section) with a diameter of 104 mm and a length of 560 

mm [24]. The control section with an AV sensor inside is presented in Scheme I. The submergence of 

the AV sensor provided an outlet weir with height (Pg), according to Scheme I and Scheme IIa or 

high water level on the outflow simulated in laboratory conditions with an adjustable weir located at 

the end of the experimental stand (Schemes IIb and IIc). 

 

Scheme I. Control section with an area velocity ultrasonic flow meter (AV) sensor inside, where D is 

the pipe diameter, Pg is the outlet weir height, and Hg is the control section water level [24]. 

The control section was constructed in such a way that it could be easily moved and installed 

into a drainage well in the field after disconnection from the experimental site. Using the same 

control section for laboratory tests and field measurements guarantees the same measuring 

conditions for area velocity. In this way, installation errors that could affect the measurement 

characteristics were avoided. The values measured with the area velocity were correlated with the 

values obtained from the reference method. A parallel set of AV and REF data gave a simultaneous 

determination of the flow rate. The area velocity enabled the determination of water levels in the 

pipe, average flow rate, and flow velocity, as well as water temperature. The laboratory system with 

an electromagnetic flow meter (REF) enabled flow rate and water level control in the supply pipe 

and water temperature measurement in the system tank. The AV meter measured the water level in 

the pipeline and the average flow velocity and determined the flow calculated from the product of 

this velocity and the area of the cross section of the stream. To determine the hydraulic conditions of 

the device’s operation, the values of the flow velocity were used because this is the quantity 

according to which the critical water movement and types of water movement (supercritical or 

subcritical) are defined. Velocity values were interpreted according to the flow phases that can occur 

in such an extended section of the pipe. Typically, these analyses use flow velocity not total flow 

rate. The REF and AV devices measure hydraulic quantities regardless of the pipeline geometry and 

flow conditions in the device. Therefore, they are universal in nature and widely used in hydraulic 

measurements (REF in laboratory and AV in field tests).  

In order to identify the values, indices were introduced: AV for area velocity-related values and 

REF for laboratory flow meter-related values (for example, VAV, VREF). The measurements of water 
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level, average flow velocity, and average flow rate were conducted in steady, identical 15 s intervals 

for both flow meters. The determination of the pipe submergence’s influence on its discharge 

required checking AV behavior in the possible modelling and variable measuring conditions 

occurring at the end of the drainage pipe in the field. The investigations reproduced variable flow 

conditions in a drainage pipe typical of drainage pipe systems during spring melting and sudden, 

intensive summer rains. Our research aimed to model the influence of possible high water level 

outflow on pipe cross-section flow capacity. The discharge simulation was performed due to the 

groundwater raising Q = f (T) for a constant level of lower water Hd. Depending on the submergence 

conditions of the outflow weir Pg and the fulfilment of the control section Hg, three flow phases with 

different hydraulic calculation roles were defined: 

 Phase I: free flow—unsubmerged weir (Hd < Pg), unpressured pipe (Hg < D) (Scheme IIa), 

 Phase II: transient flow—submerged weir (Hd > Pg), unpressured pipe (Hg < D) (Scheme IIb), 

 Phase III: pressured flow—submerged weir (Hd > Pg), pressured pipe (Hg > D) (Scheme IIc). 

(a) (b) 

  

(c) 

 

Scheme II. Unsubmerged weir and unpressured pipe (a); submerged weir and unpressured pipe (b); 

submerged weir and pressured pipe (c); Q is the discharge (dm3 s−1), T is time (s), H is the water level 

above the weir (mm), and Hd is the lower water level (mm). 

3. Results and Discussion 

Because a control section has different hydraulic conditions compared to the recommended 

pipe for area velocity, the water level and flow velocity measured by area velocity required the 

determination of calibration curves or the elaboration of formulas, which enabled the measurement 

of values with respect to the reference values. Previous research [23,25] has proven a good 

agreement between control section water levels measured by AV and REF values. A differential 

pressure transducer of an AV probe is characterized by good accuracy and precision of 

measurement. However, there is an essential variance between the measured AV velocity values and 

the reference values controlled by a laboratory system. The diameter of the measuring (pipe) section 

and minimum water level determined by the outlet weir are the parameters which have the greatest 

impact. Another significant problem includes the variable hydraulic conditions in the drainage pipe 
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system flow: The transition from a partially filled up drain with no pressure through a completely 

filled up drain still without pressure to a completely filled up drain pipe working with pressure. 

Assuming these three flow phases, velocity average values VREF related to dimensionless pipe filling 

(Hg/P) were elaborated (Figure 1). The calculated average values of VREF flow related to 

dimensionless pipe filling (Hg/P) formed three lines arranged in a circular fashion. The P value 

equalled the Pg value for the free flow phase, otherwise it was equal to the Hd value. The presented 

graph shows the three flow phases defined earlier. The upper limit line reflected Phase I flow 

conditions (Scheme IIa). A flow transition zone is placed between the limit lines. Points situated in 

this area represent the change of the free flow form with the outflow weir submergence to pressure 

flow (Scheme IIb). Points representing transient flow (Phase II) gather along lines within the 

considered zone. The position of these lines depends on the submergence of the weir. Points marked 

as Phase 2 (Figure 1) were obtained for Hd = 0.5D. The bottom limit line was determined using pipe 

pressured flow values (Scheme IIc). 

 

Figure 1. Velocity average values VREF related to dimensionless pipe filling Hg/P: Phase 1 is free flow, 

Phase 2 is transient flow, and Phase 3 is pressured flow. 

Points marked as Phase 3 obtained for all examined low water levels gather around this line. 

The limitation of the lower water level Hd has no influence on the pipeline flow velocity. The 

assumption of flow velocity in a pipe as an analyzing measurement parameter is reasonable because 

the “Area-Velocity” flow meter option was applied in the software and the discharge was calculated 

according to average flow velocity (the AV software also has different options of discharge 

calculation, for example, Manning formula or two-term polynomial equations) [26]. Thus, the aim of 

the further analysis was the determination of the actual flow velocity in the control section. It was 

assumed that the actual velocity was equal to the velocity measured by the laboratory flow meter 

(VREF) and the independent variable was the velocity measured by area velocity (VAV). The 

relationship between the actual and the measured velocity values is presented in Figure 2. 
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Figure 2. Relationship between the real velocity VREF and the measured VAV for free flow (a), transient 

flow (b), pressured flow (c), and all phases of flow together (d). 

The values of velocity measured by the AV method were higher than the expected values for 

each flow phase in each case. Fitting was done using linear regression y = ax. Considerable point 

scattering for free and transient flow could be observed, especially over VAV = 0.5 m s−1 (Figure 2a,b). 

The most accurate fitting was obtained for the pressured flow (R2 = 0.987), where the actual velocity 

VREF was equal to 0.428 of the measured velocity VAV (Figure 2c). The transient flow phase was 

relatively short because the rapid increase of lower water level Hd limited the possibility of outflow, 

leading to pressured flow (Phase III). Thus, a limited number of Phase II measured values gave rise 

to an unsatisfying fitting (R2 = 0.48). The flow Phase I (Figure 2a), as well as all the phases of flow 

(Figure 2d) fittings, gave similar results. The actual velocity VREF amounted to 0.508 and 0.849 of the 

measured velocity VAV, respectively (R2 = 0.85). From the practical point of view, it is difficult to 

watch for different outflow phases (especially Phase II) in a drainage pipeline. However, the most 

frequent flow case in a drainage pipeline is free flow. As proven above, the measured velocity VAV 

over 0.5 m s−1 was characterized by a significant instability. Thus, the calculated discharge values 

QAV would be inaccurate. Further research was focused on the correlation between the discharge 

calculated by the chosen formula and the reference discharge QREF. The discharge along the control 

section (Scheme I), working in the free outflow conditions (Scheme IIa, Phase I) can be determined 

according to the well-known Cipolletti formula [27,28]: 
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2
3

2
3

2
HgBQ    (1) 

where B is the crest length of the weir (equals to 0.0895) (m), g is the acceleration of gravity (m s−2), H 

is the water level over the weir head (cm), and μ is the flow rate coefficient calculated by the 

following equation: 

30253.07831.0  H  (2) 

Another method of discharge calculation is the California pipe method adapted to the 

measurement of comparatively small flows in pipes. The empirically developed rating formula for 

the California pipe method is as follows [22]: 

48.2

88.1

14680 d
d

hd
Q 







 
  (3) 

where h is the liquid level at the pipe outlet (m), and d is the pipe diameter (m). 

The California pipe method was originally designed for the free pipe outflow conditions [22]. 

The idea of this research was to adopt the California pipe method for the calculation of free flow 

outlet weir discharge (Scheme IIa, Phase I). For this purpose, exponents of Equation (3) had to be 

optimized. The optimization was conducted on the basis of QREF values related to water level over 

weir head H using the non-linear regression method. As a result, the following form of the 

California pipe method was devised (called the California pipe outlet weir method—Cpw for 

contradistinction): 

7667.18782.04680 HdQ   (4) 

The relationship between the measured (QREF) and the discharge values calculated using 

Equations (1) and (4) is presented in Figure 3. For an accurate evaluation of the considered 

relationship, the following statistical criteria were applied: The maximum error value (ME), the 

root-mean-square error value (RMSE), the coefficient of determination value (CD), and the 

coefficient of residual mass value (CRM) [29]. The ME value is the maximum difference between the 

observed and the calculated value and indicates the worst case calculated by equation. The RMSE 

value indicates to what extent the calculations are over- or underestimating the measurements, 

expressed as a percentage of the averaged value of the measurements. The CD describes the ratio 

between the scattering of the calculated values and the scattering of the measurements. The CD 

value proves the dynamics in the measured and calculated values’ agreement. 
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Figure 3. Relationship between the measured discharge QREF and the calculated Q by Equation 1 (a) 

and Equation 4 (b). 

The CRM value indicates whether the calculations tend to overestimate or to underestimate the 

measurements. A negative CRM value indicates a tendency to overestimate. Statistical results are 

presented in Table 1. 

Table 1. Description of statistical criteria values for measured and calculated discharge. ME: 

maximum error, RMSE: root-mean-square error, CD: coefficient of determination, CRM: residual 

mass 

Statistical Criteria Equation (1) Equation (4) 

ME (dm3 s−1) 
range: (0; ∞) 

best value: 0 
0.406 0.101 

RMSE (%) 
range: (−∞; ∞) 

best value: 0 
21.12 8.24 

CD (-) 
range: (0; ∞) 

best value: 1 
1.600 1.028 

CRM (-) 
range: (−∞; ∞) 

best value: 0 
−0.105 0 

All the specified statistics proved that the best results were obtained for the values calculated by 

the California pipe outlet weir method (Figure 3b). It can be assumed that the discharge values 

calculated with this method were very close to the measured (reference) values. The worst results 

were given by the Cipolletti equation. Thus, the obtained results were underestimated by about 16% 

in relation to the reference discharge values (Figure 3a). Discharge curves calculated by Equations 

(1) and (4), as well as measuring points, are presented in Figure 4. It can be noted that the most 

appropriate equation for the calculation of the discharge free flow case was the California pipe outlet 

weir method. The Cipolletti formula is not recommended for the calculation of discharge in the 

considered case. 
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Figure 4. Relationship between the discharge and the water level over the weir. 

4. Conclusions 

Previous research proved to be in good agreement with the control section water level 

measured by area velocity flow meter and the reference values measured by the laboratory method. 

Thus, the values obtained with the AV method are characterized by good accuracy and they can be 

used for the calculation of discharge. 

There is an essential variance between the velocity values measured by ultrasonic flow meter 

and the reference values controlled by the laboratory method. Differences result from the specific 

measurement conditions, which appear in the drainage pipe system. The relatively small diameter of 

the measuring pipe section and the minimum water level determined by the outlet weir were the 

factors having the greatest influence. Another significant problem concerning the flow velocity 

measurement was the variable hydraulic conditions in the drainage pipe system flow: The transition 

from a partially filled up drain with no pressure through a completely filled up drain still without 

pressure to a completely filled up drain pipe working over pressure. 

The values of velocity measured by the ultrasonic flow meter were higher than the reference 

values for each flow phase. The best relationship between the measured and the reference velocity 

values was obtained for the pressured flow, where the expected velocity was equal to 0.428 of the 

measured velocity. The measured velocity for the three aforementioned conditions was 

characterized by significant variability in relation to the reference velocity. Thus, the calculated 

discharge based on the measured velocity of the ultrasonic flow meter could be responsible for a 

substantial error. 

The best results of the calculated discharge were obtained by means of an elaborated method 

named the California pipe outlet weir method (adapting the California pipe method for this 

purpose). The discharge values calculated with this method were very close to the reference values. 

The discharge from a tile drain working on a partially filled up pipe with no pressure should be 

calculated using the California pipe outlet weir method, whereas the discharge from a completely 

filled up drain pipe working over pressure should be calculated as the ratio between 0.428 times the 

measured velocity and the pipe cross-section area. 
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