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Abstract: Economical management of water resources involves water management on a national
scale, including river basins and catchment areas, as well as on the scale of drainage systems. One of
the devices for controlling the outflow of groundwater from a network of ditches is a flow regulator.
In this work, three flow regulators were studied for their water damming capacity in the drainage
network and the adjacent ground with the aim of determining their hydraulic characteristics and
operating conditions. The adjustment consisted of changing the closing height in order to obtain the
required damming level in a ditch. All three tested regulators were characterized by the presence
of effective flow Qe, the value of which was determined for different damming levels. Water leaks
occurred mainly in places where the damming elements were embedded in vertical guides and, to a
lesser extent, at the horizontal joints of successively placed beams. The impact of the overflow shape
and the development of the crest line on the obtained flow rate increase was different for the tested S,
U, and Z models. The expansion coefficient of the overflow crest equaled k; = 1.0 for the rectilinear S
regulator, k; = 1.58 for the labyrinth U regulator, and k; = 1.74 for the compound Z regulator. For
the S4 variant, the modular total flow factor reached kg = 1.19 for the elevation of the upper water
above the overflow H = 14.9 cm. The U2 variant was characterized by a modular flow coefficient
of kg = 1.48 for H = 10.7 cm. For the Z1 variant with a cylindrical corner shape, the modular flow
coefficient value was kg = 1.60 for H = 8.2 cm in elevation. For the Z2 variant with an angular corner
shape, kg = 1.63 for H = 8.4 cm.

Keywords: ditch; irrigation and drainage system; regulator; module; closure; beam; water level; flow
rate; modular flow coefficient

1. Introduction

The projected climate change and progressive anthropopressure will contribute to
reduction in water resources. According to the forecasts of the UN Intergovernmental Panel
on Climate Change [1], the incidence of 100-year droughts will increase at least 10-fold.
Preparing agriculture for the upcoming changes [2] involves effective management of
water resources to increase availability and retention, education in the field of drought, and
coordination of actions to counteract the effects of these changes. Therefore, it is necessary
to undertake actions aimed at effective water management in resource generation areas
through the collection of rainwater (in the form of ground, habitat, and reservoir retention)
and the appropriate distribution, control, and regulation of outflow [3,4].

Water collection and runoff control is carried out by drainage systems, including
ditches [5-9] and underground pipelines or buried drains [10-13]. For the regulation
of flow in watercourses [14] and reservoirs [15], the following options are used: vortex
regulators [16], gate and overflow regulators [17,18], and tower regulators [19]. Float
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regulators are largely used for stabilizing upper and lower water levels [20]. One of
the ways to increase water retention in water drainage facilities is the use of damming
regulators in drainage ditches, which will consequently have an impact on water storage of
the adjacent ground [21-24]. The parameters of regulators periodically enable the network
of drainage ditches to be transformed into a system of drainage and irrigation ditches [25].

Prototypes of the new regulators were made by S. i A. Pietrucha Sp. z o.0. (a limited
liability company) [26]. Tests and validation of the devices in laboratory conditions were
carried out at the hydraulic laboratory of the Warsaw University of Life Sciences. The
tested regulators ensure optimal conditions for drainage/irrigation of crops in areas close
to ditches equipped with this type of device. The innovation is based on the use of typical
structural elements of plastic sheet piling instead of the ones used in Poland so far, such
as structures made of concrete, steel, or wood. The tested plastic structures were made
and used in practice for the first time in Poland. Plastic constructions have an advantage
over traditional ones due to the much lower cost of execution and operation, easier and
precise assembly from typical structural elements, easy handling of the closures (due to the
relatively light weight, which means there is no need to use additional mechanical lifting
devices), long-term use (no corrosion), and no need for costly maintenance.

The aim of this research was to determine the conditions of use of these regulators
and in particular their regulatory features (the occurrence of idle, initial flow defined as
effective flow above which the proper operation of the regulator begins). The analyses
were aimed at determining the characteristics of the regulators relative to their applied and
proven computation techniques. The dimensionless modular coefficients of regulators with
different shapes of beams and damming heights were also studied. The purpose of the
laboratory tests was to assess the design and functioning of the regulators under conditions
of variable hydrostatic and hydrodynamic loads in terms of tightness, installation and
operation methods, and the discharge and regulatory capabilities.

2. Materials and Methods
2.1. Regulators

In the network of drainage ditches, gate regulators are usually used to stabilize the
flow and water level in the form of individual wooden beams (shandors) or steel gates.
The tested prototype beam regulators were developed using typical structural elements of
plastic sheet piling. The cut sections of the sheet piling formed vertical closures constituting
the overflow element of the regulator. These closures can be used in existing (Figure 1a,b)
or new (Figure 1c,d) irrigation gates.

The regulator was mounted to the flaps, and the vertical elements of the guides were
installed in the recesses directly or using reinforcement (Figure 1c). The edges of the sheet
piles created an overflow developed in the plan, with the water impoundment maintained
above the valve cross section.

This study analyzed water flow for four beam regulators: (1) the computational C
regulator (thin-walled/sharp-crested) equipped with a thin-walled steel or wooden closure
(Figure 1a,b); (2) the S regulator (rectilinear) made of straight beams of vinyl sheets used
for strengthening excavations (Figure 1c); (3) the U (labyrinth) regulator with beams made
of uniform, nonsplit vinyl sheet piles; and (4) the Z regulator (compound) made of double
beams (Figure 1d). In beam regulators, the upper water level is determined by the sill
height obtained by assuming the required number of bars. The top edge of the highest
beam forms an overflow. The type of element used determines the length and shape of the
active edge of the overflow and the shape of its crest.

The total flow rate of the beam regulators (Q. in dm3-s~1) is the sum of the intensity
of the control flow Q, (dm3-s~1) and the effective flow Q. (dm3.s~1). The control flow
Qr (dm3-s~1) over the crest depends on the shape of the overflow line in the plan; the
length of the overflow edge L, (m), the width of the outlet opening b (m), the width of
the laboratory flume B (m), the height of the upper sill P (cm), the depth of the upper
water T (cm), and the height of the water layer above the overflow crest H =T — P (cm).
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Effective flow Qe (dm3-s71) is the idle, uncontrolled flow through the beam locks (vertical
connections to the guides) and through the horizontal seals between the beams. The output
Qe (dm3-s71) is influenced by the depth of the upper water T (cm), the height of the upper
sill P (cm), and the shape of the sheet piles used to make the closure beams (S, U, and Z).
The flow rate at which the water flows over the edge of the regulator is defined as the
effective flow Q. (dm3-s~1) at a given height of the upper sill P (cm).

(c) (d)

Figure 1. Gates of water level regulators in ditches: (a) sharp-crested steel gate, (b) thin-walled
wooden beams, (c) vinyl straight beams, (d) vinyl composite beams (photo P. Siwicki).

2.2. Laboratory Experiment

The discharge of the model C regulator was determined by the Bazin formula accord-
ing to [27] (described later in the paper), and the S, U, and Z regulators were obtained from
our own research carried out at the hydraulic laboratory (LH). The laboratory station used
to test the regulators is shown in Figure 2. The tests were carried out in a concrete channel
1.07 m wide and 1.00 m high. The station was supplied with water in a closed circuit,
which included the lower water collection tank, the suction and discharge pump, supply
pipelines, pipelines for water discharge, and the bottom tank. The water installation was
equipped with a control valve and an electromagnetic flow meter (ENKO MPP600 DN60)
with a flow rate measurement accuracy of +£1%. A pin water gauge (MICRO MD-2108)
with a reading accuracy of £1 x 10~* m (£0.01 cm) was used to measure the position
of the water table. A stream of water of a fixed, controlled discharge Q. (dm3-s~1) was
applied to the tested regulator.
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Figure 2. Scheme of the regulator test stand: 1: flume, 2: down tank, 3: pump, 4: upper stability tank,
5: regulating valve, 6: electromagnetic flow meter, 7: precise water gauge staff, 8: regulators, H (cm):
upstream water head, P (cm): height of the sill.

2.3. Study Models

The subjects of the research were models of three types of prototype beam regulators
(Figure 3). These were (Table 1, Figure 3): S (rectilinear), U (labyrinth), and Z (compound)
regulators. The C model regulator was the base structure to which the modular capacity of
the tested regulators was compared. The prototypes were made on a 1:1 scale; therefore, a
modelling criteria was not required, and there was no need to convert the constructional
and hydraulic parameters into real conditions. In this situation, all geometrical parameters
and the determined hydraulic characteristics can be directly related to the actual on-site
conditions. Taking measurements on prototypes in a 1:1 scale is undoubtedly an advantage
of the executed research.

The modules of the analyzed regulators differed in the width of the outlet opening.
The three modules of regulators were marked with the following widths: M45 module with
outlet width b = 45.0 cm for variant C4-S4; M59 with outlet width b = 58.8 cm for variant
C2-U2; and M54 with outlet width b = 54.4 cm for variants C1-Z1 and C2-Z72, which had
different sill heights P. The capacity of the modules was compared with the same height
of the dam. In this way, a series of overflows was obtained in the area covering one beam
shape with the same development of the overflow line. It was assumed that the beams of
the rectilinear computational C regulator were made of rectangular thin-walled elements.
The rectilinear box beams of the S regulator were characterized by a limitation of the output
resulting from the interaction of long and deep recesses and a semicircular overflow on the
crest (Figure 3b). The flow rate of the rectilinear thin-walled C regulator was determined
using the Bazin formula according to [27] to calculate overflows with a sharp crest taking
into account the side and bottom throttling. The flow rate curves of the regulators in
variants 54, U2, Z1, and Z2 were developed based on the results of laboratory tests.

For closures made of modular vinyl beams, the main research task is to estimate the
hydraulic capacity of the entire module. Summing up the capacity of the rectilinear and
curvilinear elements helped to calculate the exceedance of nominal discharges, namely
polygonal, saw-labyrinthine, and keyboard drains [6,28]. The tested regulators were
characterized by frontal water inflow, while [29-34] had analyzed them as side weirs. The
studies in the literature and in the presented paper dealt with different hydraulic conditions.
In [29-34], lateral overflows with variable discharge along the length of the crest were
studied. These studies concerned lateral labyrinth overflows in which water was flowing
outwards. In the present research, water was overflowing from the other side towards the
interior. In terms of strength, such a beam arrangement is statically more favorable. For
modular beams cut from sheet piles, the authors referred their actual capacity to a rectilinear
overflow with the same width of the drain opening (module width). The overflow element
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of such closures are beams with sharp edges, for which calculation formulas are known [27].
The closures of one module have the same dimension of the width of the outlet hole. For
beams with a developed crest in the plan, the beams are fastened in the spacing of locks.
The beams of one module have the same shape expressed by the type of elements and
the value of the coefficient k, for the development of the overflow line. This coefficient
expresses the ratio of the length L, (m) of the overflow measured along the edge developed
in the plan to the width b (m) of the outlet hole (column 6 in Table 1).

(a) (b)

flow direction
=1
i

|
\ 514 mm
N\

2 / | 450 mm -I \ 2
(d)
flow direction
' ' 9mm —-—I
— 266 mm - T
E
P -

82 mm

588 mm

flow direction

280 mm
57 mm
110 mm

202 mm

| = 34 mm

— 227 mm

Figure 3. Measurement schemes of the tested regulators: (a) measuring S regulator, (b) beam S
regulator, (c) measuring U regulator, (d) beam U regulator, (e) measuring Z regulator, (f) beam Z
regulator. 1: beam, 2: simple beam guide of S regulator, 3: beam guide with female lock of U and Z
regulators, 4: beam guide with male lock of U and Z regulators.
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Table 1. Parameters of beam regulator modules.

No. Model Module b (m) (II;}:) (CLIE) ky Variant (c:)n) ( dm?-es*l)
1 2 3 4 5 6 7 8 9 10
1. C (sharp-crested) M43 0.450 0.450 12 C4-54 715
2. = M59 0.588 0.588 0.9 100 C2-U2 405
3. S M54 0.544 0.544 11 C1-Z1 20.5
4. M54 0.544 0.544 11 C2-72 416
5. S5 87.7 0.937
6. S (rectilinean) sS4 715 0.879
7. P M45 0.450 0.450 12 1.00 S3 55.0 0.767
8. T— 2 38.2 0.597
9. s1 21.8 0.376
10. S0 6.8 0.000
11. U5 102.2 0.383
12. U4 81.7 0.266
13. U (labyrinth) M59 0.588 0.935 0.9 1.58 U3 61.2 0.169
14. -ﬁj U2 405 0.092
15. Ul 20.2 0.036
16. U0 0.0 0.000
17. z5 102.6 0.198
18. 2 (compound) 74 82.0 0.131
19. M54 0.544 0.967 11 1.74 z3 614 0.078
20. -EF:-JC} 72 416 0.040
21. Z1 20.5 0.013
22. Z0 0.0 0.000

Abbreviations: b (m): module outlet width, L, (m): length of the overflow line, Ly (cm): thickness of the
rectangular edge of the overflow (replacement width for S model), k;: coefficient of expansion of the overflow
line, P (cm): height of the upper sill, Q. (dm3-s~1): effective flow rate.

To determine the throughput of the module, a dimensionless relative modular total
flow factor kg was applied. This coefficient expresses the ratio of the capacity of the S, U,
and Z modules with developed shapes to the overflow capacity of a typical thin-walled
C closure made of a straight beam with an edge length equal to the width of the module
outlet hole.

The M45 module (Figure 4a,e) with the outlet width b = 45.0 cm was represented by
the C4-54 variant (row 1 in Table 1). The computational C4 variant is a structure consisting
of four thin-walled beams (Figure 4a). The research S4 variant (Figure 4e) consisted of
H126 mm I-section guides and four beams (Figure 3a). The guides rested on the bottom
beam. The shape of the beams made it possible to connect them to each other with the use
of a lock, while the horizontal seals ensured tightness along the contact of adjacent beams.
The tested S regulator with the outlet opening width b = 0.450 m made it possible to set the
sill height within the range of P = 6.8-87.7 cm (Table 1).

The M59 module (Figure 4b,f) with the outlet width b = 58.8 cm was represented
by the C2-U2 variant (row 2 in Table 1). The computational C2 variant consisted of two
thin-walled beams (Figure 4b). The research U2 variant consisted of two labyrinth beams
(Figure 4f) and two guides: one with a female lock and the other with a male lock (Figure 3b).
The effective flow Q. (dm3-s~!) in this type of structure was caused by water leaks in the
gaps between vertical guides and beams along the vertical locks and on the horizontal
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seals between the beams. In the U regulator model with the outlet hole width b = 0.588 m,
adjustment of the sill height was possible in the range of P = 0.00-102.6 (Table 1).

(a) (b) (c) (d)

Figure 4. Calculation modules of regulators: (a) M45 module, C4 variant; (b) M59 module, C2 variant;
(c) M54 module, C1 variant; (d) M54 module, C2 variant; (e) M45 module, S4 variant; (f) M59 module,
U2 variant; (g) M54 module, Z1 variant; (h) M54 module, Z2 variant. (a-d): sharp-crested C regulator,
(e): rectilinear S regulator, (f): labyrinth U regulator, (g,h): compound Z regulator.

The M54 module with the outlet width b = 54.4 cm was represented by the variant
C1-Z1 (row 3 in Table 1) and the variant C2-Z2 (row 4 in Table 1). The M54 module was
tested for two sill heights: (1) variant C1-Z1 (Figure 4c,g) with one beam, P = 20.5 cm and
(2) variant C2-Z2 (Figure 4h) with two beams, P = 41.6 cm. The computational C1 variant
consisted of one thin-walled beam (Figure 4c). The research variant Z1 consisted of one
complex beam (Figure 3c). Both elements of the beam were connected with each other in a
vertical line with a lock. The computational C2 variant consisted of two thin-walled beams
(Figure 4d). The research Z2 variant consisted of two folded beams (Figure 4h). In the
tested Z model with the b = 0.544 m, adjustment of the sill height was possible within the
range of P = 0.00-102.6 cm (Table 1).
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3. Laboratory Test Results

The total flow rate Q. (dm?-s~1) for regulators with a developed overflow crest line is
the sum of the effective flow Q. (dm3-s~1) and the control flow Q; (dm3-s~1):

Qc = Qe +Qy, 1)

In the first stage of the research, the effective flow Q. (dm?.s~!) was determined. In
the second stage, the measurements of the total flow Q. (dm3-s~1) of the regulators were
performed for the specified range of upper water height T (cm) and elevation H (cm) of the
upper water above the overflow. The hydraulic parameters and their measuring ranges are
presented in Table 2.

Table 2. Measuring ranges according to own research.

Variable Qe T H

No. Variant (dm?-s-1) (cm) (cm) Re H/P H/L H/B
1 2 3 4 5 6 7 8 9 10
1 S4 (rectilinear) max 55.90 86.39 14.89 1.56 x 10° 0.21 12.34 0.139
2 H average 24.39 79.34 7.84 7.43 x 10* 0.11 6.50 0.073
3 min 3.70 73.54 2.04 1.33 x 10* 0.03 1.69 0.019
4 U2 (labyrinth) max 57.36 51.22 10.72 1.55 x 10° 0.26 12.60 0.100
5 -Umﬂ average 29.13 46.59 6.09 7.10 x 10* 0.15 7.16 0.057
6 min 7.20 42.63 2.13 1.36 x 10* 0.05 2.50 0.020
7 Z1 (compound) max 39.28 28.70 8.20 1.05 x 10° 0.40 7.67 0.077
8 EF:_‘\:» average 20.98 2551 5.01 551 x 10* 0.24 4.68 0.047
9 min 6.44 22.70 2.20 1.43 x 10* 0.11 2.06 0.021
10 72 (compound) max 40.85 50.00 8.40 1.07 x 10° 0.20 7.86 0.079
11 -EF:_‘\:} average 23.25 47.02 5.42 6.53 x 10* 0.13 5.07 0.051
12 min 6.31 43.70 2.10 1.43 x 10* 0.05 1.97 0.020

The Reynolds number values in Table 2 were calculated according to the following

formulas:

+/2¢H.-H,
Re - g 0 0/ (2)

V2

— _8
Ho=H+ 25’ 3)

_ Q

Ve = B(H+P)’ @)

where H, is the elevation of the energy line above the overflow (m), Vy is the velocity of the in-
flowing water (m-s~1), v is the kinematic viscosity coefficient of water (vog = 1.01 x 1074 m2s 1),
g is the acceleration due to gravity (g = 9.81 m-s~2), and B is the width of the laboratory flume
(B=1.07 m).

3.1. Effective Flow Q,

Effective flow Qe (dm?-s~1) is the flow necessary to compensate (cover) water losses
leaking through the connections of structural elements, slots, cavities, or gaskets. Itis a
variable value that depends on the type of regulator, the number of installed beams, the
method of assembly, and the type and accuracy of sealing. Effective flow Q" (dm3-s~1) is
the flow rate at the sill height P (cm); when exceeded, the process of automatic adjustment
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T (cm)

of the water table level in front of the damming structure begins. The effective flow curves
were developed with the use of five beams in each of the regulators (S, U, and Z) (Figure 5).

120.0
@ Model S B Model U A Model Z
100.0 A A sEq.05) = U-Eq.(6) == 7-Eq.(7)
/ * 5Q° m uaQr A 7Q° k
A
80.0 =
4
u ?
2 ®
A ®
60.0
> 1
A /
40.0 4 >~
/ @
@
. /
20.0 - '/6
3
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Q. (dm’s1)

Figure 5. Effective flow Q. of the tested regulators depending on the water depth. 1: S regulator, 2: U
regulator, 3: Z regulator.

The S regulator was characterized by the highest effective flow among all the tested pro-
totypes. In this regulator, the beams were inserted into the slots of the guides without special
connecting locks. Water leaks occurred mainly at the places where the damming elements
were embedded in the recesses and, to a lesser extent, at the horizontal joints of the succes-
sively installed beams where seals were utilized. As the upper water depth T increased,
the effective flow increased from Q. = 0.35 dm>-s ! at T = 0.20 m to Qe = 0.95 dm>-s~! at
T =0.90 m (five beams) (curve 1 in Figure 5).

The U regulator was characterized by lower effective flow values compared to the S
model. This regulator was mounted in guides with the use of special locks, which ensured
greater tightness. Minor leaks occurred locally at the gasket joint between the beams. Water
losses increased with an increase in the level of dammed water from Q. = 0.04 dm3-s~1 to
Qe = 0.40 dm3-s~! (curve 2 in Figure 5).

The Z regulator was characterized by the lowest effective flow among the tested
regulators, although there was an additional third lock connecting the two parts of the
beam. The research involved the construction of the Z regulator ensuring maximum depth
of upper water T = 1.05 m. The effective flow rate varied from Q. = 0.01 dm?®s~! to
Qe =0.20 dm3-s~! (curve 3 in Figure 5).

The set of results presented in Figure 5 was subjected to statistical elaboration. Using
a nonlinear approximation model, the following regression equations were developed:

1. Smodel, the scope of formula validity 19.1 cm < H < 85.4 cm:
Q. = —1.007#(H)>+1.942(H)  r=0.960, R?> = 0.947 (5)
2. Umodel, the scope of formula validity 20.0 cm < H < 89.2 cm:

Q. =240°(H)* +1.2973(H) r=0980, R* = 0.992 (6)
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3. Zmodel, the scope of formula validity 21.0 cm < H < 105.0 cm:
Q. = 1.607°(H)? +2.89 4(H) r=0.985, R* = 0.949, @)

where Q. (dm3-s71) is the effective flow, T (cm) is the upper water depth above the
bottom, r is the correlation coefficient, and R? is the determination coefficient.

The values of the statistical measures used indicate a very good representation of the
measured values of the effective flow rate with the adopted models. Using the developed
predictive Equations (5)—(7), the effective flow Q" (dm3-s~1) was calculated for the upper
water depth equal to the sill height for the 54, U2, Z1, and Z2 variants. The results of the
calculations are summarized in column 9 in Table 1. When the Q.F value is exceeded, the
flow over the crest of the highest situated beam is effectively regulated.

3.2. Total Flow Q.

The basis for the comparisons was a regulator with a sharp-crested weir overflow
(computational C model), the throughput of which was calculated from the generally
available and proven Bazin formula provided by [30]. This formula takes into account the
influence of the sill height described by the ratio H/(H + P), where H (m) is the upper water
elevation above the overflow. T = H + P (m) is the upper water depth. Lateral throttling in
the Bazin formula is determined by the ratio b/B, where b (m) is the outlet width of the
regulator module, and B (m) is the width of the upper water table. In new solutions of C
regulators made of thin-walled beams, polytetrafluoroethylene (PTFE) is used to seal the
closures, which guarantees the tightness of the structure. For this reason, the occurrence of
the effective flow Qec = 0.0 dm3-s~! was not taken into account in the C model. Regulatory
flow Q,c (dm3-s1) of the computational C regulator is described by the formula for the
discharge of the unflooded overflow:

3
Q,c = mpaz by/2gH? 8)

where mpaz = f(H, b, B, P) is the discharge coefficient for thin-walled C regulator calculated
from the Bazin formula according to [30]:
b\2/ H \2
eoss(2) ()

where b (m) is the module outlet width, H (m) is the upper water elevation above the overflow,
B (m) is the width of the upper water table, and P (m) is the height of the upper sill.

Formula (9) should be applied for 0.06 m < H < 0.6 m; 0.5 m <b < 2.0 m; and
02m<P<20m.

Formulas (8) and (9) were used to calculate the flow rate of the C regulator for widths
equal to the width of the outlet hole for individual modules, namely M45 for the C4-54
variant, M59 for the C2-U2 variant, and M54 for the C1-Z1 and C2-Z2 variants. The flow
rate measurement curves for the S, U, and Z regulators and the curves calculated for the
C regulator at variable upper water depth T and different upper sill heights P are given
in Figure 6. The graph (Figure 6) also presents the effective flow Qe curves. Moreover,
Figure 6 shows the curves for the C regulator: curve 5 for C4-54, curve 6 for C2-U2,
curve 7 for C1-Z1, and curve 8 for C2-Z2. The tests were carried out with flow rate from
minimum values to about 60.0 dm3-s~1, and the graph was developed in the range up to
20.0 dm3-s~1. The greatest elevation of the upper water table above the weir H (column
6 in Table 2) was obtained for the S beam from 2.04 to 14.89 cm, with the maximum flow
amounting to Q. = 55.90 dm?:s~!. The total flow curves of the U and Z regulators were
similar. Compared to the S regulator, the design of the U and Z regulators ensured the
stabilization of the position of the dammed water table to a greater extent thanks to the
lower values of the effective flow Q. (Figure 5).

mpaz = 0405+ 299 _ 003 <1 - b)] )

H B
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Figure 6. Measured and calculated flow rate curves of the regulators. 1: variant 54, 2: variant U2,
3: variant Z1, 4: variant Z2, 5: variant C4-54, 6: variant C2-U2, 7: variant C1-Z1, 8: variant C2-Z72.
Series designation according to column 8 in Table 1.

The flow rate curves (Q; = Q. — Q") for different heights of the upper sill P of the
tested regulators are shown in Figure 7. The results of measurements of the flow rate of the
tested regulators can be described with a nonlinear model using the following equation:

Qe = a1 (H)? + ap(H)™ 4 ¢; (10)

where aj, ap, by, by, and c; are the coefficients of Equation (10), which are presented
in Table 3.

Table 3. Parameters of Equation (10) of total discharge curves.

No. Parameter S4 U2 71 72
1 2 3 4 5 6
Curve in Figure 7 1 2 3 4
1 a 1.0 0.1871 0.2798 0.2408
2 by 15 2.0 2.0 2.0
3 ap 0.0 3.4250 2.5577 2.8244
4 b, 0.0 1.0 1.0 1.0
5 c1 = Qe (dm3-s71) 0.8794 0.0917 0.0126 0.0397
6 r 0.9956 0.9983 0.9984 0.9985
7 R? 0.9987 0.9990 0.9987 0.9978
8 N 65 17 18 28

where r is the linear correlation coefficient, and R? is the coefficient of determination.
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Figure 7. Measuring points and curves of regulation discharge with different sill height. 1: variant
S4; 2: variant U2; 3: variant Z1; 4: variant Z2; 5: module M45, variant C4-54; 6: module M59, variant
C2-U2; 7: module M54, variant C1-Z71; 8: module M54, variant C2-Z2.

4. Discussion

The tested regulators, apart from the shape of the module, differed in the width of
the outlet opening. The hydraulic efficiency of the tested regulators was determined using
the values of the total flow rate Q. (dm3-s~1), which were calculated from Formula (1) as
the sum of the control flow rate Q, (dm3-s~!) and effective flow rate Q." (dm3-s~1). The
effective flow rate was calculated from Formulas (5)—(7) depending on the height of the
upper sill P (cm) of the analyzed variants (column 9 in Table 1). The total flows of the tested
variants of the 54, U2, Z1, and Z2 regulators were compared with the discharge of analogous
variants of the C regulator calculated using Equations (8) and (9). The calculations were
conducted for the height of the upper sill P (cm) and the elevation of the upper water above
the overflow H (cm) measured in the tests for variants S4, U2, Z1, and Z2.

The efficiency of water level control with the tested regulators was described by the
modular total flow factor kg, which takes into account the influence of the edge shape and
the development of the overflow line in the plan, thereby affecting the regulator capacity.
The values of the kq coefficient (Figure 8) were calculated as the ratio of the total flow value
from the following proposed formula:

Lsuz)

kg = <82
Qo)

(11)

where kg is the modular flow coefficient; Q?(S Uz) (dm?3-s~1) is the measured total flow rate

of 5, U, and Z regulators for a module width b (m); and QE(C) (dm?3-s71) is the calculated
total flow rate of the C regulator for module width b (m).

The impact of the shape of the overflow edge, the height of the sill, and the develop-
ment of the crest line on the resulting increase in the flow rate depending on the elevation
of the upper water above the overflow H (cm) was different for the tested S, U, and Z
regulators. In the studied range of changes in H, two zones of influence of the development
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kq ()

1.40

1.30

1.20
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of the overflow line and the shape of the overflow edge on the regulator’s discharge rates
were distinguished: (1) the lower zone of free flow, which was characterized only by the
influence of the edge shape and the height of the sill, and (2) the upper zone of influence,
within which the regulator’s discharge was also conditioned by the development of the
shape of line transfer in the plan view. The modular flow rate change zones were separated
by a point with coordinates (Hgr, kqgr). The values of Hgy of the upper water depth above
the overflow and kqg, of the modular flow coefficient were determined by the intersection
of the curves marked (a) for the free-flow zone and (b) for the beam shape influence zone
in Figure 8 (rows 10 and 11 in Table 4). The curves presented in the figure were calculated
according to the following proposed formula:
ko = az(H)™ +ay(H)™ + ¢ (12)

where a3, a4, b3, by, and c; are the coefficients of Equation (12) presented in Table 4.

In the lower free-flow zone below the Hg, limit elevation, the influence of the shape of
the overflow edge on the output was small or absent (curves 1a, 2a, 3a, and 4a in Figure 8).
After exceeding the Hg, elevation, there was a clear influence of the shape of the overflow
on the flow of the regulators, which translated into a decrease in the value of the modular
flow coefficient (curves 1b, 2b, 3b, and 4b in Figure 8). Approximation curves developed
according to Formula (12) for the upper influence zone were used to extrapolate the value
of the kq coefficient into the elevation zone H (cm) above the test range up to H = 16.0 cm
above the overflow level of the regulators (curves 1c, 2¢, 3¢, and 4c in Figure 8).

(HgrKagr)uz
ool
2a
\\
4c
4a o 3c
\ S T I j/
3a (HerrKaer) 21 \ ~~_-~-__‘_-_---} ____________
2b K ik LTS
® =< ———
\
2c
la (Her kagr)sa 1b
™ ¢ | S4-points all B | y2—points all A | Z1-points all 0 | Z2—points all M
o S4—points lower range O | u2-pointslowerrange O | z1-pointslowerrange O | z2-pointslowerrange
< | S4-points highrange < | U2—points high range < | Z1-points high range & | Z2—points high range
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
H (cm)

Figure 8. Modular total flow factor kq. 1a,b: variant C4-54; 2a,b: variant C2-U2; 3a,b: variant C1-Z1;
4a,b: variant C2-Z2; 1c: C4-54 extrapolation; 2c: C2-U2 extrapolation; 3c: C1-Z1 extrapolation, 4c:
C2-Z2 extrapolation.

For the C4-54 variant, there was a slight variation in the value of the coefficient kg
of the modular flow rate coefficient in the range of the tested damming height above
the overflow (curves 1a,b in Figure 8). At small depths below 4.0 cm, the kg coefficient
decreased from 1.22 to 1.20. Above the 14.89 cm layer, its values were stabilized at kg = 1.19.
For the C2-U2 variant, in the area of the lower water depth zone, the value of the modular
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total flow coefficient increased from kg = 1.68 at a depth of 2.0 cm to kg = 1.75 at a depth of
3.48 cm (curve 2a in Figure 8). When the water depths above the overflow crest exceeded
the limit depth Hg,, the shape of the overflow edge in the plan had an impact on the
discharge, which caused the coefficient to drop to kg = 1.48 for H = 10.72 cm (curve 2b
in Figure 8). For the C1-Z1 variant, with a sill height of 20.5 cm with low fillings up to
Hg; = 4.58 cm, the value of the kg factor varied from 1.54 to 1.68. After exceeding Hgy, the
value of the coefficient decreased to kg = 1.60 in the scope of the conducted measurements
and to kg = 1.55 in the scope of curve extrapolation. For the C2-Z2 variant, with a sill
height of 41.6 cm in the filling range from 2.0 cm to Hg, = 4.32 cm, the value of the kg
coefficient increased from 1.58 to 1.72. Then, it decreased to 1.63 in the measuring range
and to 1.51 in the extrapolation range to a depth of 16.0 cm.

Table 4. Parameters of Equation (12) of the module discharge factor kq.

No. Parameter S4 U2 71 72
1 2 3 4 5 6
Lower zone
1 Curve in Figure 8 la 2a 3a 4a
2 Hpin (cm) 2.04 2.13 2.20 2.10
3 Qumin (dm3-s71) 3.70 7.20 6.44 6.31
4 as 1.2473 1.5871 1.4413 1.4589
5 bs —0.0280 0.0779 0.0991 0.1115
6 ayq, by, o 0.0 0.0 0.0 0.0
7 r —0.1810 0.8327 0.7692 0.7092
8 R? 0.0272 0.7675 0.5976 0.5229
9 N 12 5 10 9
Border point
10 Hgr (cm) 3.98 3.48 4.58 4.32
11 kQgr (dm3-s~1) 1.20 1.75 1.68 1.72
Upper zone
14 Curve in Figure 8 1b 2b 3b 4b
15 az —0.0015 2.0691 1.8489 1.9885
16 b3 2.0 —0.1350 —0.0646 —0.1001
17 ay 0.0279 0.0 0.0 0.0
18 by 1.0 0.0 0.0 0.0
19 o) 1.113 0.0 0.0 0.0
20 r 0.0268 —0.9549 —0.8671 —0.8683
21 R? 0.2071 0.9318 0.7917 0.7719
22 N 53 14 10 20
23 Hmax (cm) 14.89 10.72 8.20 8.40
24 Qmax (dm3-s~1) 55.90 57.36 39.28 40.85

The output of the Z regulators was influenced by the height of the upper sill, which
is indicated by the course of curves 3a and 4a as well as 3b and 4b in Figure 8. Below
the filling limit, the modular kq coefficient was greater for the Z2 variant than for the Z1
variant, while the relationship was inverse above the filling limit. This trend was also
maintained in the area of extrapolation of the kg coefficient value to a depth of 16.0 cm. The
influence of the shape of the overflow plan is illustrated by curves 2a,b for the U2 variant
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and curves 4a,b for the Z2 variant. For small water depths below 3.48 cm, the regulator
with circular corner shapes, namely variant U2 (curve 2a in Figure 8), had an output greater
than the regulator with angular corner shapes, namely variant Z2 (curve 4a in Figure 8).
After the filling Hgr = 4.32 cm was exceeded, the relationship was reversed. As a result, at a
depth of 16.0 cm, the extrapolated values of the kg coefficient became stabilized at the level
of 1.42 for the C2-U2 variant and at 1.51 for the C2-Z2 variant.

5. Conclusions

The results of laboratory tests made it possible to determine the outflow coefficients
of four types of regulators and their hydraulic characteristics, which is important in both
designing these structures and using them in the field as measuring devices. The practical
advantage of the tested regulators is the possibility of precise control of water level and
flow due to low water losses resulting from the high tightness of the structures compared
to those commonly used at present. The impact of the shape of the overflow edge, the
development of the overflow in the plan, the height of the sill, and the water depth above
the overflow crest on the discharge of the regulators was analyzed. In the present study,
the water flowed to the weir frontally and overflowed into the interior of the labyrinth
formed by the beams. The conclusions therefore only apply to such hydraulic situations.
The different hydraulic conditions do not allow comparison of the results of this work with
those from the literature [29-34]. Comparing results for two different hydraulic schemes is
a research error. From the charts presented in Figures 5-8, it can be seen that individual
factors affected the discharge of regulators to varying degrees. A common feature of the
studied regulators was the fact that the impact of these factors stabilized after reaching a
certain water level above the crest of the overflow. The level of this stabilization, expressed
by the modular total flow coefficient, was different for the tested regulator models. In
the range of the measured water depths above the overflow, the modular flow factor
was equal to kg = 1.19 for the depth H = 14.9 cm in the 54 variant. The U2 variant was
characterized by a modular flow coefficient of kg = 1.48 for water depth above the overflow
crest H = 10.7 cm. For the Z1 variant, the value of the modular flow coefficient was equal
to kg = 1.60 for the water depth H = 8.2 cm. For the Z2 variant, kg = 1.63 for water depth
H=84cm.

Research has shown that the discharge of regulators is influenced by the corner profile,
whether it is a circular or a refracted corner. This is evidenced by the shape of curves 2b
and 4b in Figure 8. The influence of the sill height, illustrated by the course of curves 3a,b
and 4a,b in Figure 8, can also be noted. The values of statistical measures summarized in
Table 3 for Formula (10) and in Table 4 for Formula (12) indicate a good match between the
predictive models and the obtained results.

On the basis of the conducted research, the following conclusions can be drawn:

1.  The tested regulators are suitable for damming water in drainage ditches with flows
equal to or greater than the effective flow. The S regulator with straight beams, which
are mounted in side recesses without special locks, has the highest effective flow.

2. The calculated values of the statistical measures r and R? indicate a very good approx-
imation of the obtained measurement results with the proposed formulas, namely
Equation (5), (6), (7), and (10) with coefficients in Table 3 and Equation (12) with
coefficients in Table 4.

3.  The S rectilinear regulator is characterized by the lowest value of modular flow
coefficient taking into account the shape of the overflow edge profile compared to
other regulators.

4. The capacity of regulators with beams with a developed shape in the plan depends
on the shape of the overflow plan described by the type of U and Z beams, the height
of the sill P, and the height of the elevation of the upper water above the overflow
H (Figure 8). With water depth above the control overflow crest up to 4.0 cm, the
flow increase for the U beams in the plan is greater than that for the Z beams with a
refracted shape in the plan (curve 2a compared to curves 3a and 4a in Figure 8).
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5. At the same sill height P, for fillings smaller than 4.0 cm, curvilinear U beams have
a higher value of modular flow coefficient than the Z beams with a refracted shape.
With fillings greater than 4.0 cm, the opposite relationship occurs (curve 2 compared
to curve 3 in Figure 8). The height of the overflow sill for the same beam shape in the
plan (Z1 and Z2 variants) changes the value of the modular flow coefficient (curve 3
compared to curve 4 in Figure 8).
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