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Abstract

Introduction

The purpose of this study is to generate the relationships to directly calculate waterfall height at the downstream of the
spillway to form a jump at the toe of the spillway and to prevent erosion and destruction of the downstream river bed or body
of the spillway in a submerged and free hydraulic jump.

Materials and Methods

The purpose of this study is to provide a relationship to directly calculate the waterfall height (h) without the need for a trial
and error procedure. For this purpose, the application of the momentum relationship between two sections (1and 2) yields the
waterfall height (h) according to Eq. (1).

h=y1[§—;— /1-2|:§1.(§—1-1)] @

Since in Eq. (1), Fry and y, are themselves a function of the waterfall height (h), so this equation must be solved by trial and
error or by using design charts provided by other researchers. To calculate the waterfall height in oscillating jump conditions
(2.5<Fr,<4.5) and also for steady and strong jump conditions (4.5<Fr;<15.5), by assuming different values for p, v, y;and C
(where C is the discharge coefficient), 300 and 1146 series of numbers have been generated by trial and error, respectively.
Then, the parameters in Eq. 1 (y;, Fry) were also calculated. The final waterfall height (h) was obtained for each series of
numbers. Using the existing variables, dimensionless parameters (h/y;), (y2/py,) and Fr; were extracted. Then, multiple
linear and nonlinear multiple regression relationships were tested for direct calculation of h/y;. Finally, the best relationships
with the least error were selected. The results of multiple regression (MR) relationships are also compared with the results of
ANN and SVM methods.

Results and Discussion

The proposed non-linear multiple regression relationship (MR-3) shows higher accuracy in estimating the waterfall height,
compared to MR-1 and MR-2 regression models based on three statistical indices (RE%, RMSE, R?) for 2.5<F,<4.5 and
4.5<F1<15.5. Therefore with having the Froude number related to the initial hydraulic jump depth (Fry), tail water depth (yy),
weir height (P) and initial jump depth (y,), the calculation of waterfall height (h) will be possible using MR-3 model without
any trial and error procedures. Moreover, the results show that among the intelligent models, the ANN model has very close
results to the proposed nonlinear regression relation (MR-3) based on the statistical indices.

Conclusion

A new method for calculating the height of a waterfall at the toe of the ogee spillway was presented to control hydraulic jump.
To calculate the height of the waterfall directly, multiple nonlinear regression (MR) relationships were presented for two
ranges of different Froude numbers. The MR, ANN, and SVM models showed good performance in predicting the height of
the waterfall downstream of spillways, but the ability of the two MR and ANN models were better than the SVM.
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Table 1- Range of dimensionless parameters for a given Froude number

298 3¢ adgie Max (h/y,) Min (h/y;) Max (y?/py1) Min (y2/py1)
2.5<Fr;<4.5 6.601 0.536 15.630 7.030
4.5<Fr,<15.58 42.266 0.0379 32.636 4.080
SLial U1 (4059 Camnday (510 (3wl (S pal g (S (Sgmw Sy Luily, - Y Jgaa
Table 2- Proposed linear and nonlinear regression relationships to obtain waterfall height
39,8 die 0dgdxe
’ 5:; u,i See)S) by RE% R? RMSE
21 0)
(MR-1) h_ VY
45<Fr<155 " =0.219 X Fr; + 1.35 X — 7.22 7.33 0.997 0.282
(MR-1) h_ LA
2 5<Fr<4.5 " = 0.287 X Fr; + 0.635 x — 4.751 2.015 0.998 0.0816
1.324
(MR-2) h 0,959 (yﬁ)
— =0.034 X Fry; 727 X | — 25.74 0.967 0.905
4.5<Fr<15.5 " 1 Py,
2y —0.779
LR A 0197 x Fr, 2359 x yL) 5725 0999 1334
PSS » Py,
0.553
(MR-3) h 0031 L [V 089 0.539 0.999 0.0186
4.5<Fr<15.5 z = 0.688 x FTl X P—yl —1.612 x FT‘l
2 0.378
(MR-3) — = 0.554 x Fr; 13118 x b — 1.408 x Fry*78 0.2408 0.999 0.01286
2.5<Fr<4.5 " Py,
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Figure 3- Scatter diagram of the proposed nonlinear
regression model (MR-3)
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Table 3- Statistical parameters of intelligent models used for the training and testing periods

gl Bygd 093l 89
39,9 33¢ 83g4xe ool sl il b V2 h V2 h
Fry — — Fry — —
Py, Vi Py, Y1
Min 0 0.00068 0.0005 0.00405 0 0
Max 0.9827 0.9713 0.9685 1 1 1
4.5<Fr<15.5 Mean 0.2437 0.0759 0.0645 0.25 0.0801 0.0697
SD 0.1499 0.1162 0.1126 0.164 0.1388 0.1353
Ccv 0.615 1.528 1.745 0.656 1.732 1.941
Min 0 0 0 0.0026 0.0106 0.0038
Max 1 1 1 0.9448 0.924 0.9187
2.5<Fr<4.5 Mean 0.4874 0.4624 0.433 0.383 0.3603 0.3287
SD 0.3537 0.3283 0.3354 0.3333 0.3065 0.3117
CV 0.7257 0.7099 0.7774 0.8702 0.8506 0.971
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Table 4- Values of statistical indices in the test period for intelligent ANN and SVM models and MR-3 regression model

5036 S5 o3eioee MR-3 ANN SVM SVM SVM
9% ? (MLP) (RBF) (Polynomial deg.2) (Polynomial deg.3)
RMSE 0.0186 0.00035 0.0179 0.0301 0.0363
4.5<Fr<15.5 RE% 0.539 0.394 20.08 37.96 46.06
R? 0.999 0.999 0.995 0.988 0.965
RMSE 0.0186 0.00144 0.0374 0.0294 0.0657
2.5<Fr<4.5 RE% 0.2406 0.02285 8.541 5.593 12.54
R? 0.999 0.999 0.998 0.995 0.984
1 1 A
OSVM (Polynomial deg.3) SVM (RBF) &
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Figure 4- Comparison of scatter diagrams of ANN and SVM models for the testing period, (a): in conditions Fr;>4.5, (b): in
conditions 2.5 <Fr; <4.5
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Figure 5- Comparison diagram of computational and estimated results of ANN (MLP) model for the testing period, (a): in conditions
Fr;>4.5, (b): in conditions 2.5 <Fr; <4.5
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Figure 6- Comparison diagram of computational and estimated results of SVM models for the testing period, (a): in conditions
Fri>4.5, (b): in conditions 2.5 <Fr; <4.5
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Table 5- Providing a numerical example to compare the proposed regression relationship, trial and error method and graphical

method
C  yom  yim)  y(m)  P(m) Fr, P/He iy iy Bzgslsrg?ir?ggl?i)
(Trial and error) (MR-3)

2.165 9 0.108 4.35 8.25 12.62 11 24.031 24.023 -
1.95 10 0.419 4 8 6.55 4 0.801 0.798 0.78
1.80 10 0.387 4 8 6.81 4 1.243 1.284 12
21 8 0.518 4 6 5.19 3 0.920 0.909 0.9
21 8 0.518 5 6 5.19 3 3.08 3.12 3.04

2 9 0.534 4.6 6.80 5.44 3.09 1.520 1.544 15
2 9.98 0.424 3.98 8 6.51 4.04 0.695 0.679 0.65
2 8.5 0.663 4.9 6.04 4.68 245 1.366 1.423 14
2 9.96 0.418 3.96 8 6.55 4.08 0.725 0.711 0.7
1.85 10 0.397 4 8 6.72 4 1.09 1.12 11
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