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Abstract

Slide gates are one of the most common gates used in hydraulic structures. These gates are often
in practice hydraulically submerged. The usual method to determine the flow passes through the
gate is solving simultaneously the energy and the momentum nonlinear equations by a numerical
method. In this manuscript, a large number of various cases of gate sizes and flows are
considered and solved numerically by using these two equations to obtain a database. This
database is converted to dimensionless groups and then a direct relationship is developed by
using three-dimensional curve fitting. The results obtained by the developed relationship are
compared with those obtained by the numerical common method. The comparison results in a
good agreement which indicates that the developed relationship is accurate and simple to be used
in the design of slide gates.
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1. Introduction

Slide gates are common in irrigation networks, used for controlling the flow in channels. The
flow passes the gate may result in either a free or submerged hydraulic jump when interacts with
the tailwater. The outflow is said to be free when the issuing jet of the supercritical flow is open
to the atmosphere and is not submerged. The outflow is known as submerged, if the tailwater
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depth, Y, is greater than the conjugate depth needed to form a hydraulic jump. The commonly

observed case is the submerged one. Figures 1 and 2 show the free and submerged hydraulic
jumps, respectively.
Henry [1] conducted experiments on free and submerged slide gates and showed the

experimental results in terms of the gate flow coefficient, C, as a function of BiY andﬁ . Rao
Yo Yo

and Rajaratnam [2] also showed a good accord between theory and experiment for the case of

submerged flow from a culvert which is similar to the case of the submerged flow from the slide

gate.

Rajaratram and Subramaniya [3] have developed the following equation for gates in which
free hydraulic jumps occur:

Q=C,by, \/ﬁ @)

AVA

= F 3

Figure 2. Submerged hydraulic jump in a slide gate

In which Q is the flow discharge passes through the gate, C, is the gate flow coefficient, b is
the gate width, y; is the gate opening, Y, is the flow depth upstream the gate, Y, is the

contracted jet depth going out the gate opening, y is the water depth just behind the gate, and Y,
is the taiwater depth. Rajaratnam [4] proved that the gate flow coefficient is a function of
Y !Y,. Garbrecht [5] developed Equation (2) for the gate flow coefficient, C,. Henry [1]
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proved that C, has the form shown in Equation (3). Swamee [6] obtained Equation (4) for the
coefficient C, .

C, =0.64680.1641 | Yo 0
i

0.6108
C, =
\/1+ 0.6108Y¢ 2)
Y,
0.072
c,=061] Yo @3)
y; +0.15y,

Swamee [7] in his research has shown that the flow coefficient in submerged gates depends
on the tailwater depth in addition to the gate opening and the flow depth upstream of the gate.
Ferro [8] and Negam et al., [9] et al. studied the case of the simultaneous flow over and under
the gate. Negam [10] developed equations to determine the combined flow over a weir and under
the gate.

No direct explicit equation has been developed to calculate the flow through submerged
gates. In this research, a new direct explicit relationship to calculate the flow in terms of the gate
dimensions, upstream flow depth, gate opening, tailwater depth is developed.

2. Materials and methods

2.1. Traditional common method

The flow discharges pass through the gate can be found by the traditional common method in
which the energy equation between upstream and cross section 2 and the momentum equation
between this cross-section and the tailwater depicted in Figure 2 are solved simultaneously. The
energy and momentum equations are given in Equations (5) and (6), respectively:

Q° Q°
1 = 5
GETICAETIONS ©
inwhich Y2 = 0-61¥c
y Q*  y,(by,) ., Q°
= (by) + =238 230 6
2™ ST 2 gty ©

The nonlinear Equations (5) and (6) are solved by using the solver in Excel program to obtain
the unknowns Q and y.

A large number of cases of submerged gates including various gate dimensions, upstream
flow depths, gate openings, and tailwater depths are regarded and solved as indicated above to
produce a database covering almost all possible cases in practice. The produced database covers
the followings:
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Q=0.05- 100 m®/s

y, =0.05-10m
Y, =0.04-9.7m
b=05-10m

Some of the results by the above-explained traditional method are given in Table 1.

Table 1. Some of the results obtained by the traditional method for submerged gates

Y2 (M) y(m) Q(m’fs) ya (M) Yo(M) b(m) ya(m)
0.3465 0.654 13 0.75 0.568 2 0.8
0.1904 0.66 05 0.8 0.312 1 1
0.2749 0.495 0.9 0.8 0.451 1 1
0.2397 0.59 14 0.8 0.393 2 1
0.2465 0.576 22 0.8 0.404 3 1
0.3093 0.786 2 0.9 0.507 3 1
0.2593 0.548 4 0.8 0.425 5 1
0.19 0.66 3 0.8 0.312 6 1
0.1252 0.549 15 0.7 0.205 4 1
0.2496 0.569 3 0.8 0.409 4 1
0.2323 0.603 4 0.8 0.381 6 1
0.2652 0.532 5 0.8 0.435 6 1
0.353 0.896 5 1.2 0.579 4 15
0.6544 1.205 7 14 1.073 4 15
0.3068 1.168 3.2 1.3 0.503 4 15

2.2 The developed equation using non-linear optimization
The involved variables in the problem are converted to dimensionless groups by using
dimensional analysis. The resulted dimensionless groups are as follows:

2
y—G, ﬁ, and _Qb 3
i Vi g(bys)
2
Q—b is considered as a function of y—Gand ﬁ. Many types of functions with unknown

g(bys)’* Y, Vi

coefficients are regarded and by using the Generalized Reduced Gradient (GRG) nonlinear
optimization method, the function which results in the best fit in which the summation of the
squares of the differences between the obtained function and the given points is minimized. The
type of the function which results in the maximum correlation coefficient was as given in the
following:

Y

2
Y. Y3
2 Ln[ ] 3 Ln[ij [Ln[—]]
2
_OB | 104423100 22 [+ 257 _10s| 1o 2 || — 9 06—\ gagaf 1o || 428 1700 VY gmt W
9(bys )’ Y ¥ [ ’ :

T A N

The correlation coefficient, r*, of the function given in Equation (7) is equal to 0.9997 which
indicates that the developed equation is accurate enough to be used for the design of the
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submerged slide gates.

3. Results and conclusions

The results of the developed relationship given in Equation (7) are compared with those
obtained by the traditional method in which the energy and momentum equation are solved
simultaneously in Table 2 for a wide range of gate dimensions and hydraulic conditions.

Table 2. Comparison of the discharges obtained by the traditional method and Equation (7)

o Q by
wmobm e ym Y Equaton
()

0.5 0.5 0.333949 0.45 0.18 0.1909
0.7 0.5 0.398951 0.6 0.3 0.3026
0.9 0.5 0.564419 0.8 0.45 0.4425
1 0.5 0.427442 0.8 04 0.4035
0.5 1 0.188622 0.45 0.15 0.1564
0.8 1 0.46586 0.7 0.7 0.7047
0.8 2 0.568098 0.75 1.3 1.2968
1 1 0.450588 0.8 0.9 0.8782

1 2 0.392881 0.8 14 1414
1 3 0.507066 0.9 2 2.0721
1 6 0.311538 0.8 3 3.0127
1 4 0.205164 0.7 15 1.4997
15 4 0.578758 1.2 5 5.0528
15 5 0.951711 14 7 7.2311
2 1 0.703618 15 2 1.9761
2 2 0.703664 15 4 3.9525
2 4 0.584516 15 6 6.0158
2 6 0.935148 1.8 10 10.332
3 2 0.699138 2 5 4.9815
3 3 0.781972 2 9 8.7515
3 5 0.701072 2.8 5 5.0091
3 7 1.006286 25 18 18.125
6 3 1.070964 5 10 9.9219
9 3 0.810219 7 10 10.043
3 9 1.768514 2.7 40 41.119
2 7 1.097926 1.8 15 15.514
2 9 0.958327 17 20 20.413
5 9 0.478252 2.7 20 20.028
4 2 1.12689 3.2 7 6.9948
4 4 0.713533 3.2 8 7.9459
4 8 0.91582 3.3 20 19.828
45 9 0.710958 3 25 25.018
25 9 0.3401 2.2 5 5.0064
5 7 0.529525 3.8 12 12.041
5 9 1.30796 4 40 39.867
25 10 0.867646 2.1 20 20.181
4.5 10 1.027884 3.7 30 29.752
5 4 1.916133 4.3 24 24.384
5 10 0.905594 3.9 30 29.803
6 10 0.805722 4.5 30 29.977
6.5 10 0.452357 3.1 25 24.763
45 10 0.395901 2 20 20.061
10 4 1.052254 5 30 30.156
3 10 0.593473 2 20 20.013
25 10 0.618378 17 20 19.931
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3 10 0.657484 25 15 14.858
7 3 0.716452 5.4 8 8.029

7 6 1.054521 5.7 22 21.913
7 7 0.371009 5.8 8 7.9331
8 7 2.143786 7 50 49.674
8 8 1.689877 7.5 30 30.013
9 8 1.900035 7 70 69.517
9 9 0.841116 7.7 25 25.168
8 4 3.419684 7.4 40 41.392
9 10 2.529361 8 85 84.564
10 8 1.028664 6 50 50.082
5 10 1.099075 4.6 22 21.911
7 10 1.808016 6 60 59.577
8 10 2.110436 7 70 69.566
10 6 1.121588 7 35 35.067
10 10 1.80164 8 80 79.425
10 10 3.411529 9.3 100 101.46

Referring to Table 2, the results of the comparison show that the discharges calculated by the
traditional method and proposed method (Equation (7)) are very close to each other. The
developed equation is an explicit equation which can be used directly to calculate the flow
discharge through submerged slide gates in a much easier manner compared to the traditional
method in which two nonlinear equations must be solved simultaneously. Hence, the developed
equation can be used in the design of submerged slide gates directly due to its simplicity and
high accuracy.
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