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Abstract: This study analyzes the possibilities of using an irrigation sluice gate in submerged
conditions to measure water flow rate. Hydraulic experiments on sluice gate discharge capacity
were performed on a model made on a 1:2 scale. Measurements were taken for the submerged flow
of the sluice gate. Nomograms and relationships for discharge coefficients of the analyzed sluice
gate were developed. The possibility of using the existing nomogram for discharge capacity of the
submerged sluice gate to determine the discharge capacity of the modeled gate was also investigated.
The effect of narrowing of the sluice gate cross-section resulting from different mounting techniques
on its capacity was explained. The analyses confirmed the possibility of using the formulas for the
submerged sluice gate to estimate the flow through the irrigation sluice gate.
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1. Introduction

The use of existing sluice gates in irrigation hydraulic constructions after their calibration to
measure the water flow rate is not a new problem [1-9]. The water flow through the sluice gate has
long been the subject of numerous theoretical analyzes, and laboratory and field experiments [10,11].
Depending on the water depth downstream the gate from its edge, two hydraulic conditions can be
distinguished: free and submerged flows. Free flow conditions are present when the downstream
water depth is below the gate invert and downstream water depth has no effect on the flow under the
gate. Submerged flow means the rise of downstream water level above the gate invert and downstream
water affects upstream water depth. On the basis of numerous hydraulic experiments, the values
of the discharge coefficients used in one-dimensional formulas were determined, linking the water
depths upstream and downstream, the gate, and the gate opening height and its width with the water
flow rate for both of these flow forms. Most of these experiments were carried out in a flume with a
horizontal bottom, a rectangular cross-section and a width, corresponding to the width of the gate.
The use of these formulas and coefficients to determine the flow rate for submerged gate outlets in
hydraulic structures of irrigation canals, such as intake gates, requires the clarification of many issues,
including the most important:

e Isit possible to use the given formulas and discharge coefficients determined for the submerged
gate outflow for structures with the gate installed in intake canals with trapezoidal cross-sections?
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e  Where should the downstream water depth measured for the submerged gate be, installed in
a canal with rectangular cross-section, to ensure a good fit between measured and calculated
flow rates?

e How does the construction of guides necessary for lifting the gate (changing the width of the
opening in relation to the width of the channel) affect the values of the flow coefficients for the
submerged flow conditions?

An attempt to answer these questions was the goal of the hydraulic experiments undertaken
and described in this work. Because, in practice, unsubmerged flow conditions in irrigation intake
structures rarely occur, the study focuses on the submerged flow in the sluice gate.

2. Methods

2.1. One-Dimensional Description of the Sluice Gate Flow

In submerged conditions of a sluice gate flow, a hydraulic jump is formed immediately downstream
of the gate. This jump can take the form shown in Figure 1a, when the water depth h, at the gate
outflow is noticeably lower than the water depth h in a downstream channel (h, < h) or a form of
the submerged hydraulic jump (Figure 1b), when the water depth h; is close to the water depth in
the downstream channel (h, = h). The water profile downstream of the gate for the hydraulic jump
formed is unstable and wavy (Fig. 1a).
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Figure 1. Submerged flow under the gate: (a) water depth h, immediately downstream of the gate is
noticeably lower than the downstream water depth h (h, < h), (b) the tailwater curve is always above
the jump curve (h, = h).

The flow rate of the submerged sluice gate is calculated on the basis of velocity v; at depth h,
determined using the equation of energy conservation between Sections 0-0 and 1-1:

Q = uab \2g(Ho — hz) )

The values of the discharge coefficient p for free flow (unsubmerged) are u = &¢, where
e—contraction coefficients, defined as the ratio of a final cross-sectional area of the gate opening, if only
normal stresses act, the magnitude of this coefficient will depend entirely on the boundary geometry
(H/a); p—velocity coefficients defined as the ratio between the actual velocity of a water stream at
vena-contracta and theoretical velocity of the stream and depth in cross-section 1-1 given by h; = ea.
The values of contraction coefficients ¢ for the free flow conditions are determined on the basis of
hydraulic experiments, which can be found in the literature [12,13]. In a one-dimensional description
of the submerged sluice gate flow, the location of cross-section 1-1, where the depth h, necessary in
Equation (1) should be measured, is not clearly defined. With the submerged jump, it is assumed that
the depth h; is equal to the depth of the downstream i.e., h, = h (Figure 1b).
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To calculate the flow of the submerged sluice gate with a submerged jump, the relationship
derived for a free flow is also used, where the depth in cross-section 1-1 is given with the relationship
hi = ea[14]:

Q = Caab~2gH 2

The discharge coefficient Cq (2) is defined as follows:

Cy=——— 3)

J1+eq

According to Swamee (1992) [15], the sluice gate is submerged, if the following condition (Figure 2)
is fulfilled:

4)

a

11072
H< 0.81h( )

where H—water depth upstream the gate, h—water level downstream the gate, a—gate opening height.

a)

i=0

Figure 2. Sluice gate flow: (a) free flow at outflow (unsubmerged); (b) submerged outflow
(Swamee, 1992).

Swamee (1992) [15], based on the Henry (1950) [16] studies on free and submerged flows under
the sluice gate, confirmed later by Rajaratham and Subramanya (1967) [17], developed regression
dependencies for the discharge coefficients Cq4. In the case of the free flow conditions, the discharge
coefficients depended on the upper water depth H and the opening height of the gate a. However, in
the case of the submerged outflow, it is necessary to condition its value on the downstream water depth
h. Swamee (1992) [15] provided a relationship describing the dependency of the discharge coefficient
for the submerged sluice in the following form:

0.7

H—g \0072 o 1\072
Cq = 0.611 (H n 15{1) (H-h) 0.32{0.81}1(;) —H]

-1
+(H- h)”} ®)

Introducing the above equation to Equation (2) allows computation of flow rate:

0.7

H—a \0072 o 1\072 0 -1
Q= 0.864ab\/gTi(H+15a) (H-h)" {0.32[0.81}1(;) _H} +(H-h)" } ©)

The variability of the discharge coefficient given by Equation (5) as a function of depths upstream

and downstream the gate, and gate opening height Cq = f (%I, %), is given in Figure 3.
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Figure 3. Values of discharge coefficient for different H/a and h/a ratios in the case of a free and
submerged flow through the sluice gate [15].

The given relationships for submerged sluice gate flow were determined for hydraulic experiments
carried out in a horizontal channel with a rectangular cross-section and the width equal to the width of
the gate. The flow through the irrigation sluice gate takes for different inflow conditions, shaped by
the trapezoidal cross-section of the upstream and downstream channels.

2.2. Studies on Submerged Flow through Irrigation Sluice Gate

Hydraulic experiments on discharge capacity using a model of the irrigation sluice gate installed in
the trapezoidal canal were performed in a hydraulic laboratory at the Faculty of Civil and Environmental
Engineering, Warsaw University of Life Sciences (WULS-SGGW). The gate model was built on a 1:2
scale, compared to the prototype structures used in practice [18]. The gate is made of rectangular PVC
with dimensions of 0.43 x 0.50 m and thickness of 0.018 m. Two test cases were included. In Case 1
(V1), the gate guides were narrowing the width of the opening from 0.40 m to b = 0.34 m (Figure 4a).
In Case 2 (V2), the guides were shaped in the abutment walls in such a way that they did not reduce
the opening width. The channel width at the outflow was b = 0.40 m (Figure 4b).

The sluice gate model was supplied from a closed water cycle of the hydraulic laboratory. The
water flow rate was measured by an induction flow meter. It was possible to change downstream
water conditions by fixing the water depth. A hinged overflow gate mounted at a distance of 3.20 m
below the sluice gate was used for this. The overflow gate setting allowed to simulate the downstream
water depth in the drainage channel, shaped by changing flow conditions, caused in practice by the
increase of flow resistance in the canal due to vegetation growth. After stabilizing the water levels,
upstream and downstream depths were measured in the channel axis using pin gauges equipped with
a contact indicator. The accuracy of the pin gauge was 0.1 mm. The downstream water depths were
measured in a cross-section located 3.035 m below the valve, while the water depths in the upper stand
were measured at a distance of 2.0 m in front of the gate model (Figure 4c). The measured upper and
downstream water depths were used to calculate the flow coefficients for the submerged flow of the
sluice gate. Depth measurements were made for gate openings a within (0.031 + 0.101) m. In the V1
400 and V2 1200 experiments, Q € (10.7 = 51.0) dm3s~! was performed. The experiment was initiated
with the smallest flow rate at which it was possible to obtain a submerged sluice gate flow. The flow
rate was then increased to a value at which the upstream water depth H did not exceed channel banks.
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Figure 4. The sluice gate model: (a) the view from the downstream stand in case V1, (b) depth
measurement points in case V1, (c) depth measurement points in case V2 (dimensions in meters).

In addition, in Case V1 38, downstream water profiles were taken on the basis of measured
water depths, along the channel axis, using a water gauge mounted on a carrier. The first measuring
cross-section was 0.035 m below the gate. The distances between successive sections were equal to
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0.10 m. After exceeding the distance of 1.035 m below the gate, subsequent sections were at a distance
of 0.50 m. The last measuring section was at a distance of 3.035 m below the gate (Figure 4b).

The downstream water depth /1 was defined as the depth in the trapezoidal cross-section channel
with a width in the bottom equal to 0.20 m, slope inclination 1:1, bottom fall 0.5%o, and variable
roughness coefficients: 0.031 m~3s, 0.034 m~3s and 0.037 m~"3s. The values of Manning roughness
coefficients were calculated by the relationship given by Gwinn and Ree (1980) [19], which makes their
values dependent on grass height, product of water velocity v in the channel, and hydraulic radius vR.
The downstream water levels were set up using a weir mounted downstream of the laboratory flume
(Figure 4), based on the calculated flow curves for given values of roughness coefficients.

3. Results

Based on the downstream water profiles measured in Case V1, the water flow rate Q. and the
percentage deviation AQ of the measured flow Q from the calculated (AQ = % -100 [%]) using
relationship (6) were obtained. On this basis, it was possible to determine the downstream water depth
hg, which allowed to obtain a flow rate equal to the measured one, i.e., the percentage deviation was
zero AQ = 0 (Figure 5). The analysis allowed us to specify the measurement cross-section, where depth
hgq was observed at distance L4 from the gate (Figure 5).
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Figure 5. Procedure to determine the measurement cross-section for downstream water depth hg,
ensuring that the discharge calculated, using Equation (6), is equal to the observed one; L.—the distance
from the gate to the measurement cross-section.

The water level profiles measured in the V1 case for the conditions of submerged sluice gate
flow and irrigation canal capacity, parametrized using a constant value of roughness coefficient in
select experiments, are shown in Figure 6. The figure also shows the percentage deviation AQ of the
measured flow rate from the calculated values.

The distance Ly from the gate to the cross-section in which the measured downstream water
depth hy ensures agreement between the calculated and observed flow rates is independent from the
roughness coefficient in the downstream channel and increases with the height of the gate opening a.
For the opening height a = 0.06 m, the depth hg should be measured in the cross-section located at
a distance L4 = 10a downstream of the gate valve. Increasing the sluice gate opening to a height of
a = 0.08-m means that the downstream water depths should be measured at a distance of about Ly =
15a. Increasing the gate opening to a = 0.10 m shifts the measuring cross-section to a distance of Lgq =
18a (Figure 7).
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Figure 6. Measured water level profiles downstream of the gate in Case V1 experiments for the
submerged sluice gate and constant roughness coefficients in the channel, with percentage deviation
AQ of the measured flow rate Q from the calculated Qc on the basis of the measured depths.
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The downstream water depths thus determined were compared with the depths h measured at a
distance of 3.035 m from the gate, corresponding to the downstream measurement location of the real
structure (Figure 8).
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Figure 8. Comparison of the water depths h measured in the cross-section 3.035 m downstream of the
gate and the depth hy ensuring agreement between the measured and calculated discharge, according
to Equation (6).

At large gate openings (a = 0.10 m, a = 0.08 m) and small h/a ratios (for downstream water
depths), e.g., (h/a = 2 and h/a = 3), the differences between the depth hy used to calculate the flow Q.
and the depth h measured at the end of the analyzed section, at a distance of 3.035 m from the gate,
are small; as a result, the flow rates measured and calculated are equal. The values of the discharge
coefficient calculated on the basis of the measured flow rate and flow rate determined on the basis
of relationship (5) using the measured depth are also equal. With smaller openings (a = 0.06 m) and
large h/a ratios, the differences between h and hy depths noticeably increase (Figure 8). For example,
with the opening height a = 0.06 m and the ratio H/a = 7.85, the depth of the downstream water was
hg = 0.255 m (Figure 8) and should be measured at a distance from the gate Ly = 0.65 m (Figure 7). The
calculated ratio of the downstream water depth to the gate-opening height would then be equal hg/a =
4.25. The measured cross-section at constant distance from the gate at 3.035 m provides a measured
downstream water depth equal to h = 0.283 m, changing the value of the ratio h/a = 4.72. Changing
this ratio from hg/a = 4.25 to h/a = 4.72 results in different values of the discharge coefficient as that
shown in Figure 3. The discharge coefficient calculated for the depth in the cross-section, in which the
measured flow corresponds to the calculated flow, is determined from the curve in Figure 3, given by
the ratio hg/a = 4.25 = 4.0, while the discharge coefficient calculated for the depth hqy measured in a
constant measuring cross-section is given by a curve for h/a = 4.72 ~ 5.0. This means that the discharge
coefficients calculated on the basis of the downstream water depth measured in the cross-section
located at a constant distance from the valve equal to 3.035 m will be grater. Figure 9 compares the
discharge coefficients Cq calculated directly from the measurements and Cg4. from relationship (5).
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Figure 9. Discharge coefficients Cq calculated on the basis of measurements in experiments in the V2

case and from the Swamee [15] Cy4, relationship (5).

Because there is a clear relationship between depth hy and depth h measured in the measuring
cross-section located at a distance of 3.035 m from the gate (Figure 8), it was assumed that it is possible
to calculate the correct flow rate for the submerged outflow of the sluice gate using a correction factor
for the discharge coefficient (or flow rate) for depth h measured at the end of the analyzed section.

Percentage deviation of the Cq and Cgq. discharge coefficients calculated for the V1 and V2
experimental cases are shown in Figure 10 as a function of h/a. C4 was calculated using relationship
(2) with measured value of the flow rate Q and upper water depth H, while Cq4. with relationship (5),
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based on upper water depth H and downstream h in the cross-section located at a distance of 3.035 m
from the gate. The percentage deviation is defined as follows:

Cq — Cyc

ACq =
d Ca

-100 [%] @)

Logarithmic curves were fitted to the points in Figure 10:
e For VI:
ACq = 25.083 In(h/a) —22.008 8)

e ForV2:
ACq = 21.705 In(h/a) — 12.680 9)

a) VariantV1

45'0 T T T T

h/a=2 X  h/a=3
40.0 §§ h/a=5
35.0 & a7
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KR4
<
%
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Figure 10. Percentage deviation of the Cy4 discharge coefficients calculated on the basis of measurements
from the Cy. obtained using relationship (5): (a) Case V1, (b) Case V2.

Equation (7) shows that the discharge coefficients obtained from the measurements and calculated
using the Swamee [15] Equation (5) are related to each other with the following relationship:

Cdc
Ca= 1A (10)
~ 100

The following relationship was thus proposed to calculated the discharge coefficient C4. for the
submerge sluice gate flow.



Water 2020, 12, 819 11 0f 14

Case V1:
Cdc

1 _ 25.083 In(h/a)-22.008
100

Cdee = (11)

Case V2:
Cdc

Cdee = | _ 21705 In(/a)~12.680
- 100

(12)

Figure 11 compares the values of the discharge coefficients calculated on the basis of measurements
C4 and that obtained from the Swamee relationship (5) Cqc., but corrected it with the factor given
in Equation (9). In Figure 11, only exemplary points of C4 and Cyq.. were given (as a function
of H/a) from selected experiments in the V2 variant. All discharge coefficients determined on
the basis of measurements and calculated from relationship (5), with a correction (8,9), show a
satisfactory agreement.

0.65
0.60
0.55
RETTK
A
0.50
0.45
o
3 040
3 035
(8]
0.30 Ah/a=3,cd
X h/a=3, Cdcc
0.25 A h/a=5, Cd
0.20 X h/a=5, Cdcc
0.15 A h/a=7,Cd

X h/a=7, Cdcc
0']0 L L L L L

1 234567 891011121314 1516 1718
H/a

Figure 11. Discharge coefficients determined from measurements C4 and calculated using relationship
(5) with correction (9) for h/a ratios 3, 5, and 7 in the V2 case.

The percentage deviation of the Cq discharge coefficients determined directly by the measurements
of those calculated using relationship (11,12), with correction Cg.. in cases V1 and V2, as function h/a,
is presented in Figure 12.

As previously stated, the percentage deviations of the discharge coefficients determined from
the Cq measurements and relationship (5) given by Swamee [15] Cq4, are in the range of (=5 + 40)%
(Figure 10). The values of the Cq.. discharge coefficients calculated from Equation (5) with the correction
ACgqc differ from the discharge coefficients C4 obtained from measurements by + 9% (Figure 12)

The discharge coefficients obtained from the measurements and calculated using relationship (5)
with correction (8,9) for both cases are shown in Figure 13.

In case V1, the sluice gate guides narrowed the opening to a width of b = 0.34 m, while in case
V2, the guides were installed in the wall of the abutments in such a way that they did not reduce the
opening width, which was b = 0.40 m. Reduced by the guides, the opening width in case V1 had such
an effect that for same opening height a, flow rate Q and downstream water h, the upstream depth H
increases in relation to depth in the V2 experiments. Thus, the H/a ratio increases, as a result of which
the determined discharge coefficient values are higher than in variant V2 (Figure 14).
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Figure 12. Percentage deviation in values of discharge coefficients obtained on the basis of measurements
Cq4 and calculated with correction Cq..: (a) case V1, (b) case V2.
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Figure 13. Discharge coefficients obtained from measurements C4q and calculated using Equation (5)
with correction (11-12) Cyc. for: (a) case V1; (b) case V2.
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Figure 14. Nomogram to calculate the discharge coefficients Cy4.. developed on the basis of dependence
(5), including correction (8-9) for experiments performed in cases V1 and V2.

4. Conclusions

The performed studies on the capacity of the sluice gate, used in irrigation systems allowed us to
formulate the following conclusions:

1.  As it was not possible to clearly determine the position of the cross-section in which depth h,
should be measured, relationship (1) is not useful for calculating water flow rates on the basis of
the depths measured upstream and downstream of the sluice gate.

2. The location of the cross-section for measuring downstream water depth h, used to calculate
downstream discharge coefficients C4 using the Swamme relationship (5), changes with the
opening height of the gate a.

3. Itis possible to use the Swamme relationship (5) to calculate the discharge coefficients on the
basis of the downstream water depth measured in a fixed cross-section as in the practice of
adopting corrections provided in relationships (8), (9). Calculated on the basis of measured
depths, upstream H, downstream / and gate opening height a with Equations (11) and (12), the
flow factors allow us to achieve compliance between the calculated flow rates and measured rates
with accuracy of about 10%, confirming the practical usefulness of this method in estimating flow
through the sluice gate, as stated by Boiten (1992) [20].

4.  This approach mightbe useful in calibration of other designs of sluice gates for flow measurements.
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