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Abstract 
Flip bucket is a type of energy dissipator structure. Flip buckets can sometimes be improved by 

adding wedge-shaped deflectors. This research introduced the best height proportion of used 

deflector on the flip buckets to increase energy dissipation.  It used 4 types of deflector series 

including 32, 45, 47 and 55 degrees toward horizon with two different regular and irregular layouts 

and 19 different heights from 2.31 to 5.6 cm and in different hydraulic condition and the results 

were compared with a flip bucket without a deflector. The characteristics of laboratory flume were: 

length= 7.5 m, width= 0.58 m and height= 1.6 m. The results illustrates that the energy dissipation 

in the model with deflectors increased from 11.83 to 19.38 percent as compared with model 

without a deflector. The greatest percentage of energy dissipation was 80.74% which observed at 

a deflector angle of 55° and a discharge of 10 L/s, at deflector’s ratio of n=0.8 and in non-uniform 

layout and in free hydraulic jump. Larger deflector angles and side lengths initially boosted energy 

dissipation, but this effect plateaued or even reversed at very large angles. For calculating energy 

dissipation and hydraulic jump length parameters, the regression relations were extracted in this 

research and results of this relations were compared with results of the gene expression 

programming (GEP), random forest (RF) and multivariate adaptive regression splines (MARS) 

methods. The results showed that the RF method is the most accurate method for calculating 

energy dissipation and hydraulic jump length parameters. 
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1. Introduction 
Without energy dissipaters, the powerful flow of water from a spillway can scour the riverbed 

downstream, eventually leading to structural problems and dam failure. These structures play a 

crucial role in safeguarding the dam and surrounding areas [1]. 

Because of the lack of appropriate design of an energy dissipation structure in spillways of 

dams, each year, many events have occurred in the world, these events endanger human lives, 

plants, animals, and the environment. The energy dissipation structures can reduce the number of 

these dangerous events and suitable design of these structures is an important problem. The flip 

buckets are one type of dissipating energy structure that is used to reduce the energy of the flow. 

The most common dissipators used in spillways are flip buckets, stepped chutes, and stilling basins 

with a hydraulic jump [2]. Depending on the geological and topographical features of the dam 

location, engineers often favor ski jump spillways with flip buckets as an economical way to 

handle water flow and energy reduction. 

The following outcomes will be occurred because of ski-jump poor design [3]: 

1- Bucket radius is too small Energy dissipation by dispersion may be insufficient 

2- Extreme erosion due to water jet inopportune location to fall  

3- Too small bucket trajectory angle makes energy dissipation by depreciation structure 

inadequate 

Researchers [4] used a small-scale model to study how pressure distributes along a ski jump 

spillway equipped with a triangular flip bucket. These flip buckets are particularly useful in areas 

prone to cavitation, where water flow speeds exceed 15 to 20 meters per second [5]. Cavitation is 

the formation and collapse of bubbles which can damage the spillway structure. Flip buckets work 

by deflecting the high-speed water flow away from the dam itself. This reduces the risk of 

structural instability and erosion downstream [6]. In simpler terms, flip buckets act like a ramp, 

directing the forceful water flow away from the dam and protecting it from damage. Novak et al. 

[7] and Chadwick and Morfett [8] used diverse flip bucket types at the end of spillway and chutes. 

To achieve efficient energy dissipation, the flip bucket's minimum radius is recommended to be 3 

to 5 times greater than the approaching flow depth. Additionally, the lip angle (or takeoff angle) 

should range from 20° to 35° to promote a jet spreading angle of roughly 5° in the air [9]. There 

are three parameters that they have a remarkable effect on the production of the maximum pressure 

and its magnitude: jet Froude number, relative bucket curvature, and the bucket angle [10]. Yamini 

et al. [11] conducted an experiment to analyze the influence of the entrance flow conditions on the 

pressure oscillations occurring on the bed of compound flip buckets. When there's more water 

coming in (higher depth and discharge) or the flow is less velocity (lower Froude number), the 

pressure on the spillway generally lessens. However, these conditions also lead to more frequent 

and larger variations in pressure (increased pressure fluctuations). 

Nugroho et al. [12] surveyed the effect of the toothed spillway on the energy dissipation and 

the jump length with different arrangements and discovered that the length of hydraulic jump 

decreased compared to toothless mode and also energy dissipation soared about 30% to 50%. Deng 

et al. [13] presented a new type of ski-jump design and energy dissipation for baffled chute 

spillway. They analyzed the results and discovered that the optimal amount of the angular slope 

for desirable ski jump performance and sufficient amortization is from 30° to 45 °. Lian et al. [14] 

investigated the effect of the bucket type and angle on the downstream blade due to turbulent jet. 

Researchers compared the wind flow behind two types of spillway buckets (continuous and tab-

shaped) at five different angles (40°, 45°, 50°, 55°, and 60°). They found that as the bucket angle 

increased, the height and width of the area affected by the downstream wind (think of it as the 

"wind blade") also increased. Interestingly, the effect on the length of the wind blade worked in 
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the opposite direction - it actually decreased with a larger bucket angle. The wind speed decreases 

in both types of buckets along the flow direction. Choi et al. [15] investigated the effect of deflector 

angle on the downstream grain of a submerged spillway. They tested four deflector models with 

angles of 0°, 30°, 45°, and 60° and discovered that the least angle for the deflector superior 

performance is 45° and in general a deflector can extend the throw length up to 40%.  Daneshfaraz 

et al. [16] investigated how adding rough blocks to the base of an ogee spillway (a spillway with 

a particular curved shape) affects water flow. They looked at two aspects: how much energy is 

dissipated (lost) and how far the water travels (jet length). They tested spillways with and without 

a flip bucket (a structure at the end that redirects the water flow) at different angles. Their computer 

simulations showed the model accurately represented the water flow over the spillway. The 

presence of rough blocks on the spillway floor, in the absence of a flip bucket, resulted in a 15.4% 

increase in energy dissipation compared to a smooth floor configuration. When they added a flip 

bucket at 32 or 52 degrees, the increase in energy dissipation was slightly lower at 9.5%. In all 

cases, the rough blocks on the spillway floor significantly reduced the jet length by up to 58% 

compared to a smooth floor. Pourabdollah et al. [17] investigated how different types of stilling 

basins (structures used to control water flow) affect hydraulic jumps. They found that compared 

to a standard hydraulic jump, these basins resulted in a decrease in three key measurements: a) the 

depth of the calm water downstream (sequent depth) b) the depth of the turbulent flow within the 

jump (submerged depth) c) the total length of the zone where the jump occurs. The research by 

Heidarian et al. [18] centered on how the design of teeth (angle, arrangement, and radius) impacts 

three things: whirlpool formation, wasted kinetic energy, and the rate at which turbulence fades in 

the flow. The research revealed that unequal angles and a larger overall angle for the teeth were 

key factors in maximizing total turbulence loss. This implies that a strategic design with a mix of 

angles and a steeper tilt is most efficient in creating turbulence. 

In addition to empirical studies, many types of research have been conducted using data mining 

techniques. A field of artificial intelligence that is related to representation and generalization 

using the data learning method is Machine learning (ML) [19].  

Inspired by Darwin's theory of evolution, Gene Expression Programming (GEP) is a method 

that utilizes genetic operators like crossover and mutation to create improved solutions, similar to 

how new generations evolve in nature [20]. Several studies have compared GEP to other 

techniques for analyzing hydraulic phenomena. For example, researchers found GEP to be more 

accurate than methods like Support Vector Regression (SVR) and Artificial Neural Networks 

(ANN) when predicting characteristics of free hydraulic jumps in rough channels [21]. Similar 

results were obtained for studying hydraulic jumps in expanding channels and for determining 

discharge coefficients in ogee spillways [22 to 25]. These findings suggest that GEP is a powerful 

tool for analyzing hydraulic behavior, often surpassing traditional methods and other soft 

computing techniques [26]. 

Unlike most research on deflectors used with flip buckets, this study takes a fresh approach by 

analyzing how the angle and height of triangular deflectors on an ogee spillway affect both energy 

dissipation and the downstream hydraulic jump length. To understand how these deflectors work, 

researchers tested triangular deflectors of various sizes and angles under different water flow 

conditions. Using a technique called dimensional analysis, they were able to identify key factors 

(without specific numbers) that influence how much energy is dissipated and how long the 

hydraulic jump becomes with this type of deflector. Two relations to predicting energy dissipation 

and hydraulic jump length were obtained by multivariate nonlinear regression. Then, observed 

data were compared with results of different ML methods. The applied ML methods were GEP, 

RF and MARS methods. These methods have different bases. The base of GEP method is 
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nonlinear regression, evolutionary algorithm, the base of MARS method is linear nonparametric 

regression, and the base of RF method is ensemble learning under supervision and classification.    

The research begins by highlighting the significance and need for the study. 

Next, it delves into a technique called dimensional analysis, focusing on key hydraulic 

parameters. 

The methodology section then details the materials and procedures used in the laboratory 

modeling stage. 

Following that, the research explores the application of specific ML methods. 

To analyze the findings, the next section utilizes graphs and laboratory observations. 

Finally, the research culminates with a concluding section that summarizes the key takeaways. 

In summary, the innovations and objectives of this research are: 

- Simultaneous investigation of the effects of deflector height and angle on energy dissipation 

and hydraulic jump length downstream of a flip bucket. Two dimensionless relationships are 

derived for this purpose, whereas previous studies have not considered all of these factors. 

- Selection of the best model among ML models that are prominent in water engineering (these 

models have different natures) for simulating energy dissipation and hydraulic jump length. 

Previous studies have typically used models with similar natures. 

 

2. Material and methods 

2.1. Dimensional analysis 
Building a general correlation for flow energy dissipation begins with identifying the relevant 

variables that affect it. Ideally, these variables should be readily measurable input parameters to 

facilitate the development of a straightforward relationship. The energy dissipation of the flow 

over a flip bucket with a triangle deflector, ΔE, rely on the water density (ρ), the deflector angle 

(θ), the water dynamic viscosity (μ), the discharge per unit width of the approach channel (q), the 

bucket radius (R), the surface tension (σ), and the gravitational acceleration, (g), flow velocity (V), 

depth flow on the spillway (y), tailwater depth (yt), opening ratio of the width of the flume (
𝐋

  𝐁 
), 

Reynolds number (Re), Weber number (We), the distance of the side deflectors to the channel wall 

(Xs), the distance of the deflectors from each other (Xm), height of the edge of the bucket from the 

floor of the channel (Z). These variables can be functionally expressed as: 

 

∆𝐸 = ƒ ( µ, ρ, σ, g ,V, R, Re ,We , Fr , θ, 
𝑦𝑡

𝑦
 , 

𝐿

𝐵 
, 

𝑋𝑠

𝑋𝑚
, 

𝐿𝑑

𝐿𝑏
)                                               (1) 

 
Due to the turbulence of the flow in the present study and considering that the Reynolds number 

of the minimum  flow is Re = 14171.6, so the ratio of viscosity to inertia is low and  it has no effect 

on the motion of the flow, so we omit the Reynolds number in the effective parameters. 

Considering that the minimum height of water on the overflow crown in experiments is 2.8 cm (at 

a flow rate of 10 liters per second), the effects of surface tension and Weber number can be ignored 

[27]. 

We can express the relative energy dissipation (ΔE) of the flip bucket with a triangular deflector 

using a functional relationship that incorporates relevant parameters. 

 

∆𝐸 = 
𝛥𝐸

 𝐸0
= ƒ (Fr, θ, 

𝑦𝑡

𝑦
 , 

𝑋𝑠

𝑋𝑚
, 

𝐿

𝐵 
, 

𝑋𝑠

𝑋𝑚
, 

𝐿𝑑

𝐿𝑏
)   (2) 

 
𝐋

  𝐁 
 = The opening ratio of the width of the flume, is equal to the transverse ratio of the flume 

that is not blocked by the deflectors to the total width of the flume, which is 0.35 in all experiments. 
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(Eliminated due to consistent value) 

𝜃 = The deflector angle to the horizon in terms of radians is equal to 0.558, 0.785, 0.82, 0.96. 
𝐑

𝐙
 = The ratio of the radius of the bucket to the height of the edge of the bucket from the floor 

of the flume, which is constant in all experiments and is equal to 1.2 and does not help regression. 

(Eliminated due to fixed value) 
𝑳𝒅

𝑳𝒃
 = The ratio of the deflector length to the bucket chord length, which in all experiments has 

a constant value of 0.2. (Eliminated due to fixed value) 
𝑿𝒔

𝑿𝒎
 = The ratio of the distance of the side deflectors to the channel wall to the distance of the 

deflectors from each other, the value of this parameter is directly related to the arrangement of 

deflectors and in uniform and non-uniform arrangement is equal to 1 and 0.68, respectively. 

Utilizing a non-uniform arrangement mitigates the effects of the channel walls, leading to an 

increase in energy dissipation and a reduction in the length of the hydraulic jump downstream. 
𝐲𝐭

𝐲
 = The ratio of run-off depth to water depth at the overflow inlet. The value of y depends on 

the flow rate and the value of yt is unique in each experiment. 

Fr = The input Froude number to the cup which is a minimum of 6.331 and a maximum of 

21.759. 
 

2.2. Experimental model 
Laboratory flume of hydraulic laboratory in the Water Sciences Faculty of Shahid Chamran 

University of Ahvaz was used as experimental model in this research. We used deflector series of 

four including 32, 45, 47, and 55 degrees toward the horizon with two different regular and 

irregular layouts. The heights of these deflectors are 2.31 to 5.6 cm based on 19 proportions from 

0.33 to 0.8(the proportion was the height of the deflector to the critical depth of the maximum 

discharge). The layouts of deflectors were uniform and non-uniform layouts. The tests were 

performed by 12 discharges of 10 ,13.5 ,15 ,18 ,20 ,21 ,22 ,25 ,27 ,30, 32 and 35 Lit/s and three 

different tailwater conditions to create classical, semi-submerged and submerged hydraulic jumps. 

The total number of tests was 5508 tests. In all experiments, it was recorded the trajectory 

coordinate and all geometrical characteristics and hydraulic parameters before and after the ski 

jump. The features of flume and tests are: 

Deflector design and testing: 

- The deflectors were wedge-shaped with different angles and a width matching the flume 

channel (waterway). See Fig. 2 for examples. 

-Researchers investigated deflectors with various angles (θ=32° to 55°) and a single size (L=10 

cm side length). 

-The deflectors were positioned at a specific height relative to the maximum water depth from 

the spillway (critical depth). 

-The bottom of each deflector was kept parallel to the bottom of the flip bucket. 

Experimental setup: 

-A pump upstream of the channel-controlled water flow, measured by a flow meter. 

-Water height over the spillway crest and the jet trajectory downstream were measured with a 

point gauge. 

-Fig. 1 illustrates the overall setup (flip bucket, deflectors, etc.). 

-Fig. 3 shows an example experiment with a specific flow rate and deflector angle. 

Testing procedure: 

-A total of 5508 tests were conducted with different flow rates, with and without deflectors. 
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-Key measurements throughout the tests included water discharge, tailwater depth, upstream 

and over-crest flow depths. 

-Downstream flow depth was challenging to measure directly due to air bubbles and 

turbulence. 

-To address this, a gate was used to create a hydraulic jump (a sudden increase in water depth) 

downstream, allowing for easier depth measurement. 

-Using established relationships and the measured jump depth, researchers calculated the initial 

downstream depth. 

-Finally, they calculated the energy dissipation of the water flow for each test using water 

depths and flow velocities upstream and downstream of the spillway. 

Energy dissipation calculations: 

-The calculations considered the energy before (upstream) and after (downstream) the flip 

bucket and the hydraulic jump. 

-Specific formulas were used based on water depths and velocities at different points. 

 

 
(a) 

 
(b) 

Figure 1. a) The used laboratory flume in this study b) A detailed cross-sectional view of the 

laboratory flume used in the experiment 
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Figure 2. Geometric features of deflectors 

 
Figure 3. a) The position of the deflectors in non-uniform layout b) Uniform layout 

 
Table 1. Parameters of the applied experimental models in this study 

Flow Characteristics Deflector Characteristics 

Tailwater conditions Q(L/s) Ɵ 

Classical hydraulic jump 22 10 Without a deflector 

 25 13.5 32° 

Semi-submerged hydraulic 

jump 
27 15 45° 

 30 18 47° 

submerged hydraulic jump 
32 20 

55° 
35 21 

 
Figure 4. Experiment at the discharge of 15 L/s in the presence of a deflector with an angle of 32° 

in three different tailwater conditions: a) free b) semi-submerged c) submerged 

 

In order to calculate the length of free hydraulic jump, the following experimental equation can 

be used: 

 

Lj= A(y2 – y1)                                                                                                                   (3) 

 

A is an experimental coefficient whose value varies between 5 and 6.9 and for practical work 

it can be assumed to be equal to 6 [2]. 
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Govinda Rao and Rajaratnam [28] to determine the length of submerged hydraulic jump 

presented a relationship: 

 

𝐿𝑗= [4.9(
𝑦4− 𝑦2

𝑦2
)+6.1] 𝑦2                                                                                                                                                                                                                                                                    (4) 

 

y4 =Tailwater depth of Submerged hydraulic jump  

y2 =Tailwater depth of free hydraulic jump  

Chow [29] showed that in rectangular channels with a horizontal floor, y3 (initial depth of 

submerged jump) can be obtained from the following equation: 

 
𝑦3

𝑦4
 = [1 +  2𝐹𝑟4

2(1 −  
𝑦4

𝑦1
)]

1

2                                                                                                                                                                                                                                                                                                                                                      (5) 

 

y1 =Tailwater depth of free hydraulic jump  

 

2.3. Conventional regression methods 
The effectiveness of recommended ML models was assessed by comparing them to established 

methods like linear (LR) and non-linear regression (NLR). These traditional techniques were used 

to analyze the experimental data and derive equations describing both linear and non-linear 

relationships. 

 

2.4. Gene Expression Programming (GEP)  
In 2001, Ferreira [30] introduced Gene Expression Programming (GEP), inspired by Genetic 

Algorithms (GA) and Genetic Programming (GP). GEP offers several advantages. First, its genetic 

operators work directly on the chromosomes, leading to simpler diversity management. Second, 

GEP's unique multi-gene structure allows it to build complex applications with multiple 

subroutines. 

Similar to GA, GEP uses biological evolution principles to create computer programs that 

simulate real-world phenomena [30]. GEP relies on two key elements: chromosomes, which 

contain the encoded genetic information, and expression trees, where this information is translated 

into functional programs [31]. Unlike GP, GEP uses simple, fixed-length chromosomes but allows 

for diverse tree structures to express the program logic. 

The GEP algorithm stops when either a satisfactory solution is found or a predefined number 

of generations is reached [32]. The process starts by defining the function set (available 

operations), terminal set (data elements), a fitness function (to evaluate solutions), control 

parameters, and a stopping condition. 

Initially, predicted values are compared to actual values. If the difference falls within a 

tolerance level, the process ends with the best solution found so far. Otherwise, chromosomes are 

selected for recombination (creating new variations) using a roulette wheel selection method. The 

fitness of these new chromosomes is then evaluated, and the cycle repeats until a satisfactory 

solution emerges [33]. 
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Figure 5. The specific design of the artificial neural network employed in this research 

 

GEP utilizes traditional genetic operators alongside innovative techniques to achieve optimal 

solutions. The first step involves navigation, which creates an initial population of diverse 

candidate solutions encoded as chromosomes. 

These chromos 

omes are then translated into functional programs using a novel process called Expression Tree 

(ET). GEP uses fixed-length genes composed of terminals (representing variables like z1, z2, z3) 

and functional operators (+, ×, -, /, √, tanh, log, exp, etc.) [33,34]. Table 2 outlines the details of 

the GEP model. In this study, 70% of the data were used for training and 30% for testing. 
Table 2. Details of the experimental models in this study 

Parameter Value 

Number of Chromosomes 30 

Head Size 7 and 8 

Number of Genes 3 

Linking Function Addition 

Fitness Function MSE 

Mutation Rate 0.039 & 0.042 

Inversion Rate 0.1 

One-Point Recombination 0.2 

Two-Point Recombination 0.3 

Gene Recombination 0.2 

Gene Transposition 0.1 

IS Transposition 0.1 

RIS Transposition 0.1 

Operator +, - , ×, /, Pow, Sqrt, Exp, Ln, Atan, sin 

 

2.5. Random Forest (RF)   
The Random Forest algorithm is a supervised learning technique that leverages a group of 

decision trees to make predictions. As the name suggests, the forest is built randomly by 

combining multiple decision trees, often using a technique called bagging. 

Bagging is a method that creates multiple decision trees from random data subsets. This helps 

to reduce the model's sensitivity to specific data points, resulting in a more stable and reliable final 

model. 
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Essentially, a Random Forest combines the strengths of several decision trees to make more 

robust predictions. It operates by constructing a set of regression trees based on a subset of training 

data. Three key parameters influence the forest's structure: the number of trees, the number of 

variables considered when splitting each node, and the maximum depth of the trees. 

A significant advantage of Random Forests is that they do not require pruning the individual 

trees, which simplifies the modeling process. Additionally, they offer the versatility of handling 

both classification and regression tasks, making them a popular choice in ML applications [35]. 

Further details about the inner workings of Random Forests can be found in various research 

papers, such as the one by [36]. 

 

2.6. Multivariate Adaptive Regression Splines (MARS) 
Developed by Friedman [37] in 1991, the MARS method excels at creating accurate models 

for various data types, including continuous, discrete, and binary variables. It's particularly adept 

at uncovering hidden patterns within the data. 

The key to MARS's effectiveness lies in its unique structure, which combines three powerful 

approaches: standard linear regression, spline functions, and binary recursive partitioning. 

-Linear Regression: MARS builds a foundation of linear regression models. 

-Spline Functions: These functions introduce non-linearity by splitting the data into multiple 

regions with different linear relationships. 

-Binary Recursive Partitioning: This technique systematically divides the data based on 

specific thresholds (called "knots") to create these different regions. 

The resulting model combines multiple "basis functions" (BFs), each representing a linear 

relationship within a specific data region. Knots mark the boundaries between these regions. BFs 

are generated through a stepwise search process, ultimately leading to a flexible non-linear model. 

 

𝑌 = 𝑓(𝑥) = 𝜓0 + ∑ 𝜓𝑚𝐵𝐹𝑚(𝑥)𝑀
𝑚=1                                                                             (6) 

 

 Y represents the outcome or dependent variable you're trying to predict.  

BF stands for basis function, a building block of the model that captures a specific linear 

relationship within a data region.  

x represents one or more predictor variables that influence the outcome (Y).  

ψm denotes the coefficient associated with a particular basis function (BF). There can be 

multiple BFs (M total) in the final model, each with its own coefficient. 

 

3. Results and discussion 
In this study, firstly, with performing an experimental study and setting up free, semi-

submerged and submerged hydraulic jumps, the data required to evaluate the performance of a 

new GEP model are examined and compared with the other researches. In the following, the results 

of prediction of free, semi-submerged and submerged hydraulic jumps characteristics by GEP 

model are presented. It should be mentioned that, in the present study, to ensure the free hydraulic 

jump formed exactly where the water jet struck the flume bottom, researchers strategically limited 

the water flow by partially closing the flume's exit valve. Also, in order to create semi- submerged 

and submerged hydraulic jumps in the first and second state, the valve to some extent was closed 

in proportion to the inlet flow of the water level downstream of the overflow, respectively, to the 

middle of the bucket and adjust its edge. It should be noted that the energy losses are due to the 

presence of the launcher structure (ogee spillway)  has occurred alone, however, the energy losses 

have been solely due to the ski jump and the  energy dissipation due to the downstream hydraulic 



Application of machine learning methods on investigation the … 

 
SPRING 2024, Vol 10, No 3, JOURNAL OF HYDRAULIC STRUCTURES 

Shahid Chamran University of Ahvaz 

                                                                                

61 

jump is not considered. As seen in the  Fig. 6, in the control experiments as the flow rate decreases, 

the Froude number of inlet to the bucket increases, followed by this, the percentage  relative energy 

losses have increased. These results clear that in high discharges,  launcher structure’s efficiency 

reduced, and energy dissipation of flip-bucket at high Froude numbers decreases and  flip bucket 

has better efficiency in energy losses. 

 

3.1. Energy dissipation 

3.1.1. Experimental results 
Fig. 7 compares the energy dissipation in different deflector angles(θ) used in this study. In 

general, it can be stated that the deflector angles 32°sand 45° have better performance in in energy 

dissipation as compared with other models. A maximum energy dissipation was about 80.74% 

which observed at a deflector angle of 55° and a discharge of 10 L/s, at deflector’s ratio of n=0.8 

and in non-uniform layout and in free hydraulic jump where the deflector’s height was 5.6 cm. 

But Khalifehei et al. [6] showed that maximum energy dissipation was about 71% which observed 

at a deflector angle of 12° and a discharge of 10 L/s where the deflector’s height was 0.6 cm. The 

minimum jump length was about 8.12%, which occurred at deflector angle of 47° and a discharge 

of 35 L/s, at deflector’s ratio of n=0.33 and in uniform layout.  

 
Figure 6. Control tests without deflector. A) Energy Dissipation, B) Hydraulic Jump Length 

 
Figure 7. Energy dissipation in different deflector angles  
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Figure 8. Percentage of energy dissipation in different deflector angle 

 

Fig. 8 shows energy dissipation versus Froude number at different deflectors angles. As can be 

seen, energy dissipation decreases in all models, by decreasing the Froude number. Therefore, in 

a fixed angle model, Energy dissipation decreases with increase in discharge (yc). Comparing the 

results of the models with deflectors in Fig. 8 and without in Fig. 6 demonstrates that the bucket 

with a deflector causes higher energy dissipation than no- deflectors in all tests. It can be seen that 

in low Froude numbers (high discharges), the difference in energy dissipation versus no-deflector 

mode is less than in cases where the Froude number is higher, and this indicates that the 

arrangement of the deflectors in higher Froude numbers (lower discharge) that the inlet flow depth 

to the spillway is more effective. 
 

 
Figure 9. Percentage of Energy dissipation in different deflector’s height ratios 

 

Fig. 9 portrays the changes in the energy dissipation in all height deflector’s ratios used in this 

study. Fig. 4 shows that the energy dissipation is steadily fluctuating as the ratio increases from 
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n=0.48 to n=0.57. The energy dissipation initially decreases with an increase in the deflector’s 

height ratios from n=0.33 to n=0.54 and also from n=0.6 to n=0.8 which it experiences a 

downtrend at two larger ratios of n=0.33 and n=0.63. A maximum energy dissipation of about 

80.74% was observed at a deflector angle of 55° and a discharge of 10 L/s, at deflector’s ratio of 

n=0.8 and in non-uniform  

layout, however, the minimum Energy dissipation was about 80.07%, which occurred at 

deflector angle of 47° and a discharge of 35 L/s, at deflector’s ratio of n=0.33 and in uniform 

layout. Fig. 5 compares the Percentage of Energy dissipation in different deflector angles(θ) used 

in this study. Generally, we can conclude that the impact of the deflectors angle (θ) for a given 

deflector length, it can be stated that the deflector angles 45°sand 47° results in optimal energy 

dissipation as compared with the model without a deflector.  

 

 
Figure 10. Energy dissipation in different condition 

 

Fig. 10 shows energy dissipation in all different submergence condition. At a constant 

discharge with increasing downstream water depth, the percentage of relative energy loss 

decreases. Because with increasing the tailwater depth, the hydraulic jump at the downward moves 

towards the upward and the process of throwing the jet to downwards and depreciating due to ski 

jump does not occur completely. Jets are thrown from the flip bucket and deflectors before 

complete crossing through its curved path and depreciation due to collisions with air currents and 

each other to the tail water. So, in any definite discharge, the energy consumed by the flip bucket 

and deflectors in free hydraulic jump are more than 50% immersion ratio and energy dissipation 

in 50% immersion ratio is more than 100% immersion ratio  
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Figure 11. Energy dissipation in two different layouts 

 

Fig. 11 portrays the energy dissipation in different layout condition. It’s clear that in free, semi-

submerged and submerged hydraulic jump modes in all Froude numbers, the non-uniform 

arrangement mode performed better than the uniform arrangement in energy dissipation and it was 

able to generate more depreciation. This performance has been such that the non-uniform 

arrangement has been able to create 17.1% more depreciation than the uniform arrangement. The 

reason for this difference is that in the non-uniform arrangement, the distance of the deflectors is 

less than the lateral arrangement of the side walls and the boundary layer formed between the 

overflow channel wall and the water flow causes more depreciation.  

Eq. 7 was derived by multivariate nonlinear regression to predict energy dissipation in a flip 

bucket with a deflector, using the effective parameters extracted in the dimensional analysis 

section: 

 

𝜟𝑬 = 
−𝟎.𝟑𝟖(𝒍𝒐𝒈

𝒚𝒕
𝒚

)𝟏.𝟑𝟒𝟗+(𝟎.𝟒𝟓𝟒(𝑭𝒓𝟏
𝟎.𝟏𝟗𝟒)(

𝑿𝒔
𝑿𝒎

)−𝟎.𝟐𝟓 )

𝜽𝟎.𝟎𝟗𝟔  (7) 

 

The statistical indices, R2 and RMSE, were calculated to express the accuracy of the above 

correlations. R2, RMSE for Eq. 7 were equal to 0.76 and 0.12 cm, respectively. 

 

3.2. Jump length 

3.2.1. Experimental results 
Fig. 12 compares the hydraulic jump length in different deflector angles(θ) used in this study. 

In general, it can be stated that the deflector angles 32° and 47° results are optimal in hydraulic 

jump length as compared with other models. As can be seen in Fig. 6, generally, as Froude number 

got bigger, the jump length has decreased. It is obvious that the hydraulic jump length is steadily 

reducing as the Froude number increases from 6.331 to 21.759. A maximum jump length was 

about 259.4 cm which observed at a deflector angle of 45° and a discharge of 35 L/s, at deflector’s 

ratio of n=0.8 and in uniform layout and submerged hydraulic jump, however, the minimum jump 



Application of machine learning methods on investigation the … 

 
SPRING 2024, Vol 10, No 3, JOURNAL OF HYDRAULIC STRUCTURES 

Shahid Chamran University of Ahvaz 

                                                                                

65 

length was about 0.98 cm which occurred at deflector angle of 32° and a discharge of 10 L/s, at 

deflector’s ratio of n=0.48 and in non-uniform layout. 

 

 
Figure 12. Length of Hydraulic Jump in different deflector angles(θ) 

 
Figure 13. Length of Hydraulic Jump in deflector angle(θ) 

 

Fig. 13 shows the hydraulic jump length against Froude number at different height ratios. 

Comparing the results of the models with deflectors in Fig. 13 and without in Fig. 6 represents 

that the bucket with a deflector affords reducing hydraulic jump length than example tests in some 

cases, while, in some ratios of deflectors used in this research, using deflectors has not any 

remarkable influence on the hydraulic jump length. As clearly seen in Fig. 14, the hydraulic jump 

length is steadily fluctuating as the ratio decrease from n=0.33 to n=0.52 in contrast, the hydraulic 

jump length initially increases with an increase in the deflector’s height ratios from n=0.55 to 

n=0.8, however, it experiences a downtrend at two larger ratios of n=0.65 and n=0.8.  
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Figure 14. Length of Hydraulic Jump in different deflector’s height ratios 

 
Figure 15. Hydraulic Jump Length in different submergence conditions 

 

Fig. 15 shows the hydraulic jump length in two different submergence conditions. The results 

of measuring the length of the hydraulic jump downstream of the launcher structure indicate that 

in a certain flow rate, as the water depth downstream being less, the length of the hydraulic jump 

will be less. It means that in the adjusted mode downstream to form a free hydraulic jump, the free 

hydraulic jump length is less than the immersion ratio of 50% and in the 50% immersion ratio the 

jump length is shorter than the immersion ratio of 100%. In all Froude numbers increase in angle 

deflector from 32 to 45 degrees has reduced the length of the hydraulic jump and by increasing 

the angle deflector from 47 to 55 degrees we have seen an increase in the length of the hydraulic 

jump.  
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Figure 16. Hydraulic Jump Length in two different layouts 

 
Fig. 16 illustrates the hydraulic jump length in two different layouts. It can be seen that in the 

free, semi-submerged and submerged hydraulic jump modes in all Froude numbers, the non-

uniform arrangement mode performed better than the uniform arrangement in hydraulic jump 

length and was able to reduce length of hydraulic jump more. This performance has been such that 

the non-uniform arrangement has been able to reduce the hydraulic jump length 20.35% than the 

uniform arrangement.  

Eq. 8 is the result of our analysis. We employed multivariate nonlinear regression, a statistical 

method, to create this equation. It predicts the hydraulic jump length in a flip bucket with a 

deflector, considering the important factors revealed earlier using dimensional analysis. 
 

Lj = 
𝟎.𝟑𝟕(

𝒚𝒕
𝒚

)+(𝟓.𝟕𝟒𝟕(𝑭𝒓𝟏
−𝟎.𝟎𝟗𝟗)(

𝑿𝒔
𝑿𝒎

)𝟎.𝟎𝟕𝟐)

𝜽−𝟎.𝟎𝟏𝟒                                                                                      (8) 

 
To assess how well Eq. 8 predicts the actual jump length, we calculated two statistical 

measures: R² and RMSE. R² was 0.96, indicating a very good agreement between the predicted 

and measured values. RMSE was 18.61 cm, which means the equation's predictions typically 

differed from the real values by less than 19 cm. 

The results of different ML methods are shown in Table 3 and Fig. 17 (Taylor diagram). 
 

Table 3. Performance of utilized methods 

Parameter Period Criteria Reg GEP MARS RF 

ΔE Training R² 0.76 0.75 0.77 0.85 

ΔE Test R² 0.70 0.70 0.75 0.86 

ΔE Training RMSE (cm) 0.12 0.12 0.11 0.10 

ΔE Test RMSE (cm) 0.14 0.13 0.11 0.09 

Lj Training R² 0.96 0.97 0.98 0.99 

Lj Test R² 0.90 0.90 0.96 0.98 

Lj Training RMSE (cm) 18.6 18.50 18.10 17.98 

Lj Test RMSE (cm) 19 19.2 18.2 18 
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Figure 17. The Taylor diagram for the estimation of ΔE and Lj 

 

Table 3 and the Taylor diagram illustrate that the RF model is the best method for estimating 

energy dissipation and hydraulic jump length. This method has the highest R2 and the lowest 

RMSE. Among ML methods, the results of RF and MARS methods are more accurate than results 

of the extracted regression relations for energy dissipation and hydraulic jump length (Eqs. 7 and 

8). 

 

4. Conclusion 
During the present study, the effect of the flip bucket besides the discontinuous transverse 

deflectors on the energy dissipation and hydraulic jump length surveyed. For this purpose, 5508 

experiments including control and equipped with deflectors in four different angles and 19 

different heights were performed, the summarizes of the results are given below. Overall, the 

addition of a triangular deflector to the flip bucket significantly improved its energy dissipation 

compared to models without one. This improvement was observed across different flow 

conditions: free, semi-submerged, and submerged hydraulic jumps. Specifically, the deflector 

increased energy dissipation by 19.5% (free jump), 14.63% (semi-submerged jump), and 11.8% 

(submerged jump) compared to the models without a deflector. 

The study also found that the angle of the deflector (θ) plays a crucial role. As the angle 

increased, so did the energy dissipation, reaching an optimal range between 32° and 45°. 

Additionally, there seems to be a sweet spot for the deflector's height relative to the critical depth 

of the maximum discharge (n). The optimal height ratio was found to be n = 0.8. 

 Finally, this research achieved a significant outcome: a correlation for predicting the hydraulic 

jump length behind a flip bucket with a triangular deflector. This correlation was derived using 

dimensional analysis and multivariate nonlinear regression, considering the influence of multiple 
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factors. However, the results of measuring the length of the hydraulic jump at the downstream of 

ogee spillway indicates that in a certain flow rate, the lower water depth downstream, makes the 

hydraulic jump shorter. This means that in the downstream adjusted mode for free hydraulic jump, 

the hydraulic jump length is less than in the semi-submerged and in the semi-submerged, length 

of the hydraulic jump is shorter than the submerged hydraulic jump. An optimum angle of 32° was 

obtained with an optimal deflector’s height ratio of n=0.52. Finally, we obtained a correlation by 

dimensional analysis and multivariate nonlinear regression for hydraulic jump length by a flip 

bucket with a triangular deflector.  

In this study, four models with the nature of supervised ensemble learning (RF), nonparametric 

regression (MARS), evolutionary algorithm (GEP), and nonlinear regression were employed. The 

results of this study, with an R2 of 0.99 in estimating the hydraulic jump length, are superior to the 

results obtained from the study by [21], which used the GEP model and reported an R2 of 0.71. 

The results of this study are also significantly better than those of the study by [22], which 

estimated the R2 of the jump length using the GEP model to be 0.7. Therefore, the use of ML 

models for estimating hydraulic parameters is highly accurate. Since these models do not require 

a lot of time to run, they are preferred over traditional methods for estimating hydraulic 

characteristics. 

This study has some limitations that are recommended to be considered in future studies. These 

limitations include: 

- The effect of deflector length on energy dissipation was not investigated. 

- The phenomenon of cavitation at the deflector installation location was not investigated. 

- Flip buckets with different geometries were not used, and the energy dissipation in them was 

not compared. 
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