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1. Introduction

The strategy of kinetic-energy dissipation of fast
running water on spillways is generally determined by the
geometry of the hydraulic structure and the range of dis-
charge, when one usually decided between utilization of ei-
ther the hydraulic jump or a bucket at the toe of the spillway,
[1, 2]. In case of unlimited space for arranging the energy
dissipation of the water flow, the design process becomes
relatively easy or even entertaining. However, when a hy-
draulic structure is located in constrained premises and
when an electric-generation unit has to be considered as
well, the solution is becoming multidisciplinary as the struc-
tural performance of the hydraulic structure itself may be-
come another serious constraint for the design of the kinetic-
energy dissipation. As an example, Fig. 1 shows a simplified
sketch of a small hydroelectric power plant which is an in-
tegral part of a dam whose main purpose is flood control. It
should be noted in Fig. 1 that the lower part of the channel
bed, from the structural point of view, serves as a roof of the
underlying spaces, which may contain the power generation
technology and a service gallery or the outlet channel.

Hydraulic structures, such as dams and weirs, are
commonly perceived as massive concrete structures [3]
which reflects the design tradition and construction technol-
ogy used in the past decades [ 4, 5]. The massive here im-

Fig. 1 Sketch of investigated small hydropower plant

plies large amounts of concrete. However, the gradual tran-
sition to the new and more environment-friendly structural
design approaches allows to design much slender structures
and thus to save materials and to extend service-life of hy-
draulic structures, which is possible due to the rapid devel-
opment in computer-assisted design methods [6] and con-
struction technology [7]. On the other hand, the slender hy-
draulic structures and their components are vulnerable to the
long-term erosive action of running water and the dynamic
effect of the turbulent flow as the structure lacks the heavy
mass. The change in the structural dynamic performance
then needs to be compensated by, for example, reduction of
the intensity of the turbulence and thus reduction of the hy-
draulic forces which load periodically the structure.

The objective of this study is aimed at development
of a laboratory method which can help to assess the reduc-
tion of the hydraulic forces on a structure in a cost-effective
manner while still providing useful data for the subsequent
full-scale design of hydraulic structures. Specifically, this
study shows the approach to design of new complex shapes
of energy dissipators and a physical-model-based approach
to assessment of the behavior of water stream when the
newly developed energy dissipators are applied. The ulti-
mate goal is to determine the magnitude and frequency of
the oscillating hydraulic forces acting on the channel bed.

2. Integration of new energy dissipators to hydraulic
structure design

The basic design of energy dissipators made of
concrete has been, and still is, constrained by the construc-
tion technology, especially, by the formwork and concrete
mix design. A typical example of such widely used energy
dissipators is that designed by Peterka in the 60’s of past
century [1] (Fig. 2, a). Despite its simple planar shape, the
energy dissipating efficiency of Peterka’s dissipators is sat-
isfactory [8]. However, the tilting formwork concept, soft-
skin inner surfaces of the formwork and self-compacting
concrete mixture allow to produce more complex shapes
(Fig. 2, b). The tilting of the formwork always provides free
upper surface for air to be released from concrete while the
soft-skin inner surface of the formwork allows to remove
the formwork much easier, which is mainly due to the re-
duced effect of contraction due to shrinkage of concrete [9].
This approach allows for seeking more hydraulic-optimal
shapes which are much less constrained by the production
technology.



Fig. 2 Transition from planar to complex shapes of energy
dissipators: a — Peterka’s dissipator, b — organic-
shaped dissipators

In this vein, organic-shaped water energy dissipa-
tors present potential advantages over traditional square
ones. These organic structures, with their naturally curved
designs, appear to facilitate a range of hydraulic enhance-
ments. Primarily, organic dissipators tend to foster rota-
tional water motion, encouraging better aeration and effec-
tive drag. Fig. 2, b illustrates two versions of the organic
dissipator, with the model on the right exhibiting a design
more conducive to inducing this rotational movement of wa-
ter. This vortex-like motion can entrain more air, enhancing
energy dissipation and offering ecological benefits by in-
creasing the dissolved oxygen content in water, crucial for
protecting aquatic life [10, 11]. However, it is important to
note that while organic dissipators are promising, their per-
formance can vary based on environmental and flow condi-
tions. They represent a progressive approach in hydraulic
engineering, but the extent of their superiority over tradi-
tional forms is determined by specific contextual factors.

As the current and future technologies depend
mainly on the quality of university graduates, it was also
tried to include the students into the design process. There-
fore, in order to be able to utilize the genius of the under-
graduate students for hydraulic design, an appropriate de-
sign flow strategy was developed. The use of plasticine (Fig.
3, a) helped to bypass the students’ lack of computer mod-
eling skills. The plasticine models were then 3D scanned
and trimmed to ensure symmetry and smooth surfaces in a
CAD software (Fig. 3, b). Then, the digitized model was
sliced and printed using plastic 3D printer for use in the hy-
draulic test channel (Fig. 3, c). Subsequently, the most
promising shapes were reproduced in concrete to assess the
surface quality (Fig. 3, d).

a

c

Fig. 3 Student-friendly design flow strategy: a — plasticine
model, b — 3D scanned digital model, ¢ — plastic 3D
printed model, d — concrete model

3. Hydraulic Performance Insights via Smoothed Parti-
cle Hydrodynamics Simulation

Following the creation of the plasticine models, an
intermediate layer of verification was introduced using the
Smoothed Particle Hydrodynamics (SPH) method [12]. Ra-
ther than capturing precise numeric behavior, this method
was employed to validate assumptions regarding the inter-
action between water and the proposed dissipators. SPH, as
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Fig. 4 Smoothed Particle Hydrodynamics (SPH) visualiza-
tion illustrating water-particle interactions with the
proposed dissipators

a mesh-free Lagrangian method, offers significant ad-
vantages in modeling complex fluid-structure interactions,
especially when compared to grid-based techniques [13].
The absence of a mesh in SPH makes it inherently
adaptable and free from constraints that often accompany
grid-based methods, particularly in highly deforming re-
gions. Moreover, while SPH can be computationally inten-
sive due to its particle-based nature, leveraging graphics
cards for calculations effectively managed these computa-
tional demands. The level of detail and adaptability SPH of-
fers, especially in scenarios with intricate interactions, often
outweighs the computational cost. The granularity of SPH
ensures that localized phenomena, such as splash, jetting, or
cavitation, are captured more authentically. It allows for a



more intuitive and graphical representation of particle inter-
actions, as evident from the particles striking and deflecting
off the dissipators in Fig. 4. In this representation, the blue
color denotes regions of low velocity, while the red color
highlights areas of high velocity. Such a simulation acted as
a supplementary step, offering insights into potential fine-
tuning of the shape prior to digital slicing and 3D printing.
This ensured a comprehensive approach, bridging the gap
between hands-on model creation and the final concrete re-
production.

SPH simulations extended beyond shaping the dis-
sipators, providing clear direction that was pivotal in deter-
mining the test channel slope. Accordingly, a 1:2 slope was
established, with insights from the SPH simulations criti-
cally assessing the feasibility of alternate slopes. The 1:1
slope was found to be too steep, as the simulations revealed
that the water momentum allowed it to skip over the energy
dissipators, thus negating their intended function. In con-
trast, the 1:3 slope was considered insufficiently inclined,
with SPH results showing inadequate engagement between
the water flow and the dissipator complex design.

Fig. 5 Comparative SPH simulations of water behavior on
1:1 and 1:3 slopes demonstrating ineffective dissipa-
tor engagement

Fig. 5 offers a visual comparison of water behavior
on 1:1 and 1:3 slopes, highlighting the ineffectiveness of
both configurations. The optimal balance is achieved with
the 1:2 slope, as depicted in Fig. 4, where the energy dissi-
pators can perform their function effectively, harnessing the
water momentum without overwhelming it or being un-
derutilized.

With this approach, which includes production
technology and future designers, it was ensured that the sub-
sequent laboratory testing would be of a real value as it
would be reproduceable in real structural design.

4. Physical model testing

Since the early developments in numerical model-
ing [14], continuum fluid dynamics has emerged as a pow-
erful numerical tool for simulating hydraulic phenomena.
These simulations have become integral in understanding
the underlying principles of water flow and the interactions
between fluid and structures. However, there are certain sit-
uations, particularly when we encounter highly turbulent
flow patterns around hydraulic structures, where these com-
puter simulations meet their limitations. The inherent com-
plexity and unpredictable nature of turbulent flows make it
challenging to capture all the intricate details accurately
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through numerical means alone.

Given these challenges, physical model testing has
retained its significance as an indispensable tool for evalu-
ating the hydraulic performance of structures. Unlike digital
models that can suffer from oversimplification, physical
models offer a tangible representation that can capture real-
world nuances and interactions. Furthermore, with advance-
ments in design and production methodologies, it has be-
come feasible to expedite test programs. The capability to
rapidly produce entire sets of energy dissipators for testing
purposes, for instance, drastically reduces lead times and al-
lows for more iterative design testing cycles.

Digitalization plays a pivotal role in both the pre-
production and post-production stages. Initially, digital
models are crafted, providing exact spatial data about the
geometry of shapes and arrangement of the energy dissipa-
tors in the test channel. These models guide the precise cre-
ation of physical models and facilitate associated numerical
analyses. Following fabrication, the physical models are
digitized and compared to their original digital templates,
identifying any deviations during production. This dual-lay-
ered approach fortifies the alignment between physical and
numerical models, enhancing test reliability.

Fig. 6 provides a demonstrative example of this in-
tegrated approach. It showcases a small-scale test of opti-
mized energy dissipators at a scale of 1:25 conducted in a
specialized hydraulic laboratory test channel. In this depic-
tion, the 1:25 model energy dissipators stand at a height of
48 mm, representing a seamless transition from the digital
design phase to real-world testing. Such synergy between
digital tools and physical testing is crucial in pushing the
boundaries of hydraulic engineering and achieving designs
that are both innovative and reliable.

Fig. 6 Testing of energy dissipators in test channel

The 25 cm wide test channel was used for analysis
of the aerated water flow and periodic movement of the wa-
ter level. It can be seen in Fig. 6 that the glass sidewalls of
the test channel are equipped with a grid for easier identifi-
cation of water movement which was observed using a high-
speed digital camera recording the bubble movement
against backlight. Such a configuration not only highlighted
the bubble paths with pronounced contrast but also allowed
for a deeper understanding of their behavior and interactions
within the flow.

5. Analysis of static force on channel bed

As with the real-scale hydraulic structures, the
small-scale physical model is also fully flooded which pro-
hibits simple measurements of structural vibration. Then, it
is necessary to determine the acting loading forces and as-
sess the vibration behavior numerically. In case of hydraulic
forces which act on the channel bed, the decisive factors are



the depth of water and its velocity (flow rate) and density
(depending on aeration). The simplified geometry of the
physical model of the test channel is shown in Fig. 7, which
represents an investigated small hydropower plant, where
the average depth hy is 0.042 m, the average depth h; is
0.113 m, the flow rate Qm is 6.29 kg/s (at p = 999 kg/md)
and the length of the channel bed L is 0.3 m.

Fig. 7 Investigated small hydropower plant

As a simplified alternative to the full-scale assess-
ment of the water pressure on the channel bed can be assess,
which would be done using the continuum fluid dynamics,
it was tried to assess the magnitude of the hydraulic force
acting on the channel bed using the impulse-momentum ap-
proach [15], when the Newton’s second law of motion ap-
plied for the mass and velocity of flowing water yields the
force which acts on the channel bed. In this way, the static
average component, the minimum and the maximum could
be obtained. The frequency of the oscillation was obtained
using the optical flow, which is a valuable information for
both the analysis of the dynamic effects of water on the
channel bed and the potential fatigue behavior of the bed
structure.

From the hydraulic measurements, the following
values were obtained. For the average depth hy, the mini-
mum and maximum values were 0.04 m and 0.044 m, re-
spectively. For the average depth hy, the minimum and max-
imum values were 0.108 m and 0.118 m, respectively. The
density of the water/air mixture at the position h; was the
average 878 kg/m?, the minimum was 838 kg/m® and the
maximum was 922 kg/m3. At the position h,, the average
density 985 kg/m?, the minimum was 943 kg/m?® and the
maximum was 999 kg/m?.

From the momentum theorem, it is possible to ex-

press the force F which the water flow exerts on the chan-
nel bed from the following formulas

E:Epl+Ep2+é+p1'Q1'\71_pz'Qz'(/z’ @)
. 1.,
Fplzpl'g'b'z'hl'cosg’ @
— 1.,
szzpz.g.b.?hz, (3)

where Fp: is the pressure force at the inlet acting in the di-
rection of the velocity v: and assuming the hydrostatic pres-
sure distribution, and Fp2 is the pressure force at the inlet
acting in the direction of the velocity v2 and assuming the
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hydrostatic pressure distribution. Q4, with an average value
of 0.007161 m%/s, represents the spillway flow rate, while
Q, having an average value of 0.0063845 m%/s, denotes the
bed flow rate, and b indicates the width of the test channel

of 0.25m. G is the gravity of water (water/air mixture) o)
and p, are the respective densities of water/air mixture.

Since the chute is sloped at the gradient of 1:2 (vertical to
horizontal), the angle ¢ at the foot of the sloping chute is 27

degrees. The vertical component, Fuerr, of the resulting
force acting on the channel bed is then obtained in the fol-
lowing form
EverlZEpl‘Siné‘-l‘pl'Ql‘gl‘Sin5+€: (4)
when the average value is 81.99 N, the minimum is 81.91 N
and the maximum is 82.02 N. Since the scatter of the acting
force is around 0.1 %, in this case, the dynamic effect of the
water flow can be neglected in subsequent the structural de-
sign. Despite this fact, for the general applicability of the

proposed approach, the dynamic change of the acting force
was also investigated.

6. Analysis of turbulences using optical flow

Since the dynamic behavior of the hydraulic forces
may affect the stability and durability of the hydraulic struc-
tures, another goal of this research was to develop a method
for mapping this phenomenon, which would provide a quan-
titative measure for comparison of efficiency of different
types of the designed energy dissipators.

The frequency of the periodic changes in water
depth and the density of the water/air mixture within the tur-
bulent water flow was investigated using Optical Flow, spe-
cifically employing the Lucas-Kanade method [16]. This
method was chosen due to its ability to effectively track lo-
cal motion patterns using pixel intensity variations, making
it suitable for applications where intricate flow details, such
as bubble movement, are to be observed without the need
for seeding particles [17]. In the experimental setup, a high-
speed camera was deployed to record videos, capturing the
natural inconsistencies, like bubbles, within the flow, which
served as indicators of water movement. Backlighting was
crucial in amplifying contrast, while maintaining a fixed fo-
cus was essential for recognizing the motion across different
longitudinal sections. Subsequent to recording, the data un-
derwent a noise reduction process to yield a clearer depic-
tion of the flow patterns, as exemplified in Fig. 8.

In Fig. 8, images from two distinct temporal points
are displayed, illustrating the highest and lowest water lev-
els. Remarkably, despite the change in water levels, the tra-
jectories of air bubbles remain consistent in both scenarios.
This uniformity in the paths, especially their direction and
magnitude, offer valuable insights into the force vectors
consistent within the flow, regardless of the water level. The
constancy in bubble trajectories despite varying water levels
underscores the stable flow behavior, highlighting the po-
tential of the dissipators in maintaining controlled energy
levels even under differing hydraulic conditions. These ob-
servations are crucial as they not only demonstrate the op-
erational efficacy of the energy dissipators but also help in
comprehending the potential forces that the structures are
subjected to. The nuanced understanding gained from these



Fig. 8 Example of images showing alteration in water level and principal trajectory of air bubbles: a — highest, b — lowest

trajectory analyses is crucial in enhancing the precision of
hydraulic simulations and, consequently, in the informed
engineering of more robust and efficient hydraulic struc-
tures.

A standard tool for analyzing the frequency nature
of data is the Fourier analysis, which was performed in
Matlab. In this study, it was not necessary to study in detail
the flow characteristics of the whole sample, it is sufficient
to focus on the periodic changes of the vertical coordinates
(y) at the water level and at the bottom, which could poten-
tially stress the underlying structure. A set of 950 frames
from an eight-second video was examined for each energy
dissipator. Let us denote the sequence of the average y co-
ordinates by y = (y1, Y2, Y3, ..., Yn). The Fourier transform

Y = (Y1, Y2, Y3, ..., Yn) for a vector y is defined as follows
. 2ijkz
Yk+l = ijoe " yj+1' (5)

A more detailed description of FFT application can
be found, for example, in [18].

Fig. 9 shows the resulting frequency domain of the
average y-coordinate values of a group of vectors at the wa-
ter level related to the water level changes. The graph sug-
gests that there are dominant frequencies between 0.55-
0.65 Hz. This also means that the turbulences do not occur
at a specific frequency, rather there are several turbulent pat-
terns at a specific frequency band. Currently, the verifica-
tion could be done only by comparison the observation of
the periodicity of the water level movement, which oscil-
lated between the periods of 1.5 and 2 s, which corresponds
with the frequencies of about 0.5 and 0.67 Hz. A more rig-
orous method of verification needs to be yet developed.
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Fig. 9 Frequency domain of turbulences near water level
7. Conclusions

The described research work resulted in the follow-
ing findings. Firstly, the low-cost approach with absence of

complicated laboratory equipment and complex software
packages allows the undergraduate students to join the re-
search activities which provide useful results. Here, plasti-
cine, a mobile, free photogrammetry software or a simple
3D scanner, and a plastic 3D printer are sufficient for devel-
oping new shapes of energy dissipators. Secondly, the pre-
liminary assessment of the hydraulic forces, which act on
the hydraulic structures, can be performed using the basic
physical laws, such as Newton’s second law of motion, in-
stead of complex continuum fluid dynamics modeling,
which is more fitting in the later stages of analyses at real
scales for only few candidate solutions. Thirdly, optical
flow proves to be a valid tool for laboratory physical model
testing when a sufficiently fast camera, with a frame rate
above 120 fps, fixed focus capability, and backlighting, is
the only necessary equipment. The image processing then
can provide information about water movement and possi-
bly about the degree of aeration based on water transpar-
ency.
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PHYSICAL-MODEL-BASED ASSESSMENT OF
REDUCTION OF HYDRAULIC FORCES ACTING ON
CHANNLE BED THROUGH ADVANCED ENERGY
DISSIPATOR DESIGN

Summary

The hydraulic engineering designers focus on
shaping up the flow regime so that the greatest energy dis-
sipation is ensured. On the other hand, the structural design-
ers focus on load bearing capacity and durability of the
structural components which may contradict the focus of the
hydraulic experts. Such a case may occur when the spillway
chute floor slab must be thin due to the limited spaces. Then,
the dynamic load acting on the chute floor slab may com-
promise its long-term operation. The dynamic forces are
created by the violent turbulences which may even coincide
with the natural frequency of the reinforced concrete floor
slab. Therefore, the objective of this paper is a complex ap-
proach to small-scale physical model testing which makes
use of the latest rapid-prototyping techniques and the optical
flow, and which in the end allows to estimate the magnitude
of the dynamic hydraulic forces acting on the channel bed.
The newly developed organic-shape energy dissipators play
a key role in reducing the Kinetic energy of water through
its enhances aeration. The proposed method on a small scale
can assist favorably the design process of real-scale hydrau-
lic reinforced concrete structures.

Keywords: rapid prototyping, hydraulic structures, energy
dissipation, physical-model testing, optical flow.
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