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Abstract

Water hammer, a transient pressure surge resulting from sudden changes in fluid flow, poses
significant challenges in the design and operation of modern pipeline systems. This study aims to
investigate water hammer phenomena through experimental analysis, focusing on understanding
the characteristics and mitigating factors of pressure surges in pipeline network experiments in the
Ecole Centrale de Lyon laboratory on a water hammer experiment used to teach engineering
students about the water hammer phenomena.

The experimental setup consisted of a laboratory-scale pipeline system with pressure sensors and
flow meters to capture real-time data during controlled water hammer events. Various operating
conditions, including flow velocity, valve closure rate, and pipe material properties, were
systematically varied to examine their effects on pressure transients.

Analysis of the experimental results revealed complex pressure wave behaviors, including wave
propagation, reflection, and attenuation, influenced by system geometry and fluid properties. The
study identified critical parameters governing water hammer intensity and duration, providing
insights into the mechanisms underlying pressure surge generation and propagation.

Furthermore, the experimental data were compared with theoretical models and industry standards
to validate the accuracy of existing predictive methods and highlight areas for refinement. Practical
implications of the findings for pipeline design, operation, and maintenance were discussed,
emphasizing the importance of considering water hammer effects in engineering practice to ensure
system reliability and integrity.

Overall, this research advances our understanding of water hammer phenomena and provides
valuable guidance for engineers and practitioners in effectively managing transient pressures in
pipeline systems.

Page | 9
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1.Introduction

Water hammer, a transient pressure phenomenon, occurs when a sudden increase in pressure and flow of
the fluid (mainly water but not necessarily) in conduits such as pipes due to a change of velocity in the
conduits and it's usually the end section of the conduit mostly due to valve closure or sudden pump
shutdown. Suddenly putting an obstacle in the way of the flowing fluid causes the deceleration of the fluid in
the conduit by compressing the fluid at the end of the downstream generating pressure due to the conversion
of the kinetic energy of the fluid into a potential energy, known as pressure surge or water hammer, in the
conduit.

This wave pressure is the access of pressure that the system handles and causes a fluid propagation back
and forth through the conduit with the same velocity as the initial flow until this energy is dissipated. The
speed of propagation of these waves is close to the speed of sound in the fluid. Still, the amplitude depends
greatly on the speed of the flow modification, the faster the change the more significant the forces generated
by the pressure waves.

While water hammer happens in daily life, for example when the shower of water tap is turned off quickly, a
loud sound can be heard around the house. Knowing that some of its drawbacks are pipe damage by
weakening joints and potential for leaks or even pipe bursts and reduction the system efficiency, vibrations
can loosen pipe connections and decrease overall system performance, and, while less common and under
extreme circumstances, are cavitation and bubble formation within the pipe.

To protect hydraulic circuits against water hammer pressure variations, an equilibrium chimney is installed,
usually, a large capacity reservoir, open to the atmosphere called a chimney. The equilibrium chimney is
generally installed in the conduit that feeds a turbine or a valve, just upstream of it. Placing it at this point
allows it to effectively absorb pressure variations and minimize the risk of water hammer effects, ensuring
smoother operation of the hydraulic system.

Water hammer, although potentially harmful, is a well-understood phenomenon. Engineers can create and
manage piping systems that reduce the effects of water hammer by knowing its causes and mechanisms. The
goal of this research is to offer insightful analysis and workable solutions to reduce the dangers connected to
water hammer in a variety of applications.

Page |10
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2.Literature Review

Introduction

The study of water hammer phenomena, particularly using apparatuses such as the AC7 MKkll, is
critical for understanding and controlling fluid dynamics in various engineering systems. This section
reviews existing literature on water hammer effects, methods for measuring water levels, and the
role of different valve types in managing fluid flow.

Water Hammer Phenomenon

Water hammer, characterized by a pressure surge when a fluid in motion is forced to stop or change
direction suddenly, has been extensively studied in fluid dynamics. Hanif Chaudhry [1] provided
comprehensive insights into hydraulic transients, detailing the principles and equations used to
model these phenomena. Wood [1] offered a historical perspective on water hammer research,
tracing the evolution of understanding and methods used to mitigate its effects.

Measurement Techniques

Accurate measurement of water levels in chimneys and reservoirs is essential for ensuring the
stability and validity of fluid dynamics experiments. Traditional methods, such as manometers and
ultrasonic sensors, have been well-documented. This study utilized the Thoughsonic 3 and Waki A-
10 pressure sensors, advanced devices that provide high precision and reliability in dynamic
environments.

Hanif Chaudhry [1] discussed various measurement techniques for hydraulic systems, highlighting
the importance of accuracy in dynamic conditions. Martinez [2] introduced loT-based real-time
monitoring devices, significantly enhancing the reliability and accessibility of water level data in
experimental setups.

Valves in Fluid Dynamics

Valves are crucial for controlling fluid flow and mitigating water hammer effects. Traditional slow-
closing valves have been effective in reducing transient pressures associated with sudden fluid
stops. Zappe [3] extensively documented the design and performance of various valve types,
emphasizing their roles in industrial applications.

Page | 11
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The advent of solenoid valves represents a significant advancement in valve technology. Solenoid
valves, which can be remotely controlled and precisely adjusted, offer enhanced control over fluid
dynamics. P. H. Corporation [4] detailed the engineering fundamentals and applications of solenoid
valves, highlighting their advantages over traditional valve types. The Danfoss [6] catalog further
elaborates on the capabilities of motorized control valves and their applications in fluid dynamics.

Method of Characteristics (MOC)

The Method of Characteristics (MOC) is a powerful analytical tool for predicting fluid dynamics,
especially in systems experiencing water hammer. Hanif Chaudhry [1] provides a detailed
methodology for applying MOC to hydraulic transients, offering a framework that has been refined
over the years. Ghidaoui [5] discussed integrating computational fluid dynamics (CFD) with MOC to
enhance the accuracy and efficiency of fluid behavior simulations. These hybrid models leverage the
strengths of both MOC and CFD, offering comprehensive insights into complex fluid dynamics.

Gaps in the Literature

Despite significant advancements in understanding water hammer effects, measurement
techniques, and valve technologies, several gaps remain. Limited research exists on integrating
smart valves with real-time monitoring systems, and further exploration of combined MOC and CFD
applications in large-scale systems is needed. Additionally, experimental validation of advanced
models in industrial settings is sparse.

Conclusion

The literature review indicates substantial progress in studying water hammer phenomena and the
technologies used to manage them. However, integrating modern measurement techniques with
advanced valve designs, such as solenoid valves, presents opportunities for further research. This
thesis aims to address these gaps by investigating the behavior of the water hammer apparatus AC7
Mkll, implementing precise measurement techniques using the Thoughsonic 3 and Waki A-10
pressure sensors, and evaluating the impact of replacing traditional valves with solenoid valves, all
while utilizing the Method of Characteristics for simulation.

Page |12



J
J . . -
s itV Politecnico !
iy di Torino /V\_JCA
l\ 1859 g
s

ECOLE
CENTRALELYON

3.Historical Disasters and Incidents

Water hammer occurs in almost all water piping systems it can be domestic such as robinet pipes in
residential buildings but also in the Industrial environment, particularly in hydropower plants due to the
presence of water, a common ground for water hammer cases, and can have devastating drawbacks.

Neglecting the water hammer phenomenon can have very devastating and destructive consequences.
History shows many examples of its destructive power:

e The Oigawa Hydropower Plant Incident (1950, Japan):

One of the most common disasters of the water hammer is the Oigawa hydropower station in Japan, causing
a catastrophic penstock collapse in 1950. This incident, triggered by a water hammer during a rapid pressure
change, resulted in the death of three workers and huge financial repercussions exceeding half a million
dollars. The collapse itself stemmed from a sequence of events. The fall of a hydraulic line feeding the
penstock created a vacuum upstream of a burst section, leading to the catastrophic failure of the penstock
itself. The Oigawa incident caused immediate fatalities and material damage and halted power generation for
a significant period, impacting the surrounding community.

Figure 1 Penstock collapse at Oigawa hydropower plantin 1950

e The Big Creek No. 3 Hydropower Plant Incident (1979,USA):

The United States also has its fair share of water hammer disasters. The Big Creek No. 3 Hydropower Plant
experienced a burst turbine inlet valve in 1979 [Trenkle, 1979]. This event occurred very fast. Within three
seconds of closing the turbine shut-off valve, the penstock of unit 2 failed catastrophically at a manhole
location. The incident occurred while the unit was in service and serving the hydraulic operator of the valve,
showing the potential for in case of any human presence around the area. The resulting damage was a crack

Page |13
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in the penstock of a length of 3.7 meters and a width of 76 millimeters. This significant breach in the pressure
vessel was due to the force unleashed by water hammer.

Figure 2 Cracks in the inlet of the valve of Big Creek

These were the two most prominent examples of the water hammer's destructive potential. Other incidents
around the world serve as grim reminders:

e Azambuja Pump Station, Portugal: The broken pump casing at the Azambuja Pump Station in Portugal
after the occurrence of a burst due to a water column separation.

e Lutschinen Hydroelectric Power Plant, Switzerland: The Lutschinen Hydroelectric Power Plant in
Switzerland suffered a fallen penstock due to water hammer effects. , worth mentioning that this

occurred during the draining, and the upstream vent was frozen.

e Arequipa Hydroelectric Power Plant, Peru: The Arequipa Hydroelectric Power Plant in Peru also fell
victim to the water hammer effect.

Page | 14
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Figure 4 The fallen penstock of Lutschinen Hydroelectric Power Plant

The disastrous results of these past water hammer events prompted the creation of more stringent
operational guidelines and design standards. The primary goal of these laws is to increase the global
hydropower plant pipe systems' efficiency and, more crucially, safety. The safe and dependable operation of
these essential power-producing facilities can be guaranteed by engineers by implementing water hammer
mitigation techniques during the hydropower plant design phase, which considerably lowers the chance of
catastrophic failures [6].

Page | 15
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3.Surge Tanks

Surge tanks emerge as an essential tool to prevent the adverse effects of water hammer and its backlashes.
Acting as reservoirs with great capacity, serve as a buffer against these slow pressure surges, ensuring a
smoother and more stable operation of the whole hydraulic system (especially in hydropower plants). The
surge tank's design and placement are crucial for its effectiveness. Typically, they are built upstream of the
turbines or valves, often integrated into the penstock itself (to prevent incidents similar to the ones already
mentioned since many of them occurred near or at the penstock). The surge tank absorbs and releases water
depending on the surge strength, effectively dampening pressure oscillations, protecting the hydraulic
structure and systems from destructive fates, and saving money and human lives.

The implementation of surge tanks has proven to be an invaluable element in preventing the destructive
effects of pressure surges. They have become a crucial part of hydropower plants and major hydraulic
structure designs, ensuring the smooth and efficient operation of these industrial and power generation
facilities [6].

Figure 5 Lastioulles equilibrium chimney [7]

Page | 16
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One famous surge tank (also known as “Chambre d’équilibre” or “cheminée d’équilibre” in French) is the
Lastioulles equilibrium chimney in Auvergne-Rhéne-Alpes, France with a height and diameter of 75.80 (where
32 meters above the ground) and 6.7 meters respectively. The Lastioulles surge tank proves how effective
these hydraulic structures can be. Its environmentally friendly design integrated into the surrounding
environment, shows the significance of surge tanks in maintaining the stability and reliability of hydropower
generation in France [7].

4.Analytical History

Knowing that the historic roots of the water hammer date back to the old times and old civilizations like the
Romans ever since they tried to study it harness it and implement it when they were using it to pump water in
the public water supply system and distribute it even without having a name of this phenomena.

It was not until 1775 that Euler started studying the water hammer phenomena and it was the blood flow in
the arteries in the human body. However, he failed to attain any solution due to the missing analytical and
geometrical formulation at that time and nothing could have been accomplished without the development of
calculus and the solution of partial differential equations due to change. Since then developments have been
done in these domains from the works of Réné Descartes’s putting geometry on an algebraic basis to Wilhelm
Leibniz's method for partial differential equation solutions.

Diederik Korteweg (1878)

Korteweg was the first scientist to work on wave velocity while taking into account both the pipe wall the fluid
inside and the radial acceleration of the pipe walls. That being said, Korteweg was interested only in
propagation velocity and not in the transient pressure velocity relationship. So he neglected many key
elements related to pressure in the conduit mainly:

e the friction by dealing with pipes in which vibrations are present only from sound and wave.

e longitudinal stresses caused by the bending of the pipe since the wave length is much greater than the
pipe diameter.

e The change of pressure with each variation in the modulus of elasticity.

Therefore, the acceleration equation is the following:
________ K‘;ﬁ
=y |—
TN T+ &/EXD
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Where each parameter is the following:

K:the bulk modulus

p:the mass density

R:the mass density

E:the Young’s modulus of the pipe wall material
D:the inner diameter of the pipe

e:the pipe wall thickness

Jules Michaud (1878)

Jules Michaud was considered by some as the first ever scientist to study water hammer but in reality it was
not him but Menabrea since Michaud worked heavily on use and design of air chamber and safety valves to
prevent surges and protected the pipeline system but did not introduce anything for wave velocity or pressure
in the conduits. Yet the formula attributed to him can be applied when the closure time is greater then time
the first negative pressure arrives (Tc>T linear total closure) was the following:

2LAV
H <
gTc

Nikolai Joukowski (1897)

In the summer of 1897 and in the following winter in Moscow and after conducting many experiments on the
pressure and velocity during water hammer using 3 loops iron casted pipes and the flow is stopped
instantaneously add to that he was a consulting engineer for Moscow water projects. Joukowski derived the
famous law for sudden water hammer for a fast cut-off period (Tc<T) where pressure is equal:

aAVv
AH = —
g

It's worth mentioning that the time of reference to Tc is equal to the following:

4L
Tc=—
a

Where the parameters are the following:
T=Time of the maneuver in seconds.

Tc = Reference time.
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AV =Variation of speed in m/s during the time T.
a=Wave speedinm/s.
£=9.81m/s2.

L = length of the pipe in m.

Gaspard Monge (Graphical Methode) (1789)

Monge, also known as the founder of Ecole Polytechnique, introduced in his journal "Memoire sur
l'integration graphique des equations aux derivees partielles" the graphical integration of partial differential
equations and called it the characteristic method. That being said Louis Bergeron in 1931 expanded the
graphical method to make an analytical relationship between the pressure and the velocity between two
points anywhere in the pipeline system. Basically, two positions on the pipes P and Q are chosen with their
respective position and time following this formula:

(c—at)p = (x—at)y = up —xy = (tp_ty)

And the equation that connects the pressure and the velocities is the following:

(Hp — Ho) = =~ (v, = Vo)

Now if the pressure and velocity values (H and V) are known for two positions in the pipe at a given time it's
possible to know the pressure and the velocity at these sections later by a time interval At.

This a very useful method to deal with pipe networks but in case of junctions and charge in section mainly
guarantee the continuation of the flow and that the pressure at the junctions are equal.

Even so thatin 1932 Schnyder applied the graphical method for pipelines connected to centrifugal pumps in
his studies by using complete pump characteristics and was the first to include the friction in the pipe. By
drawing a friction curve below the velocity line with an ordinate -FV? (V is the velocity and F= 25% |[V| where f

is the friction coefficient following D’Arcy parabolic law).

Lorenzo Allievi (1902-1913)

Allievi developed the first formulations set by previous researchers specially Korteweg and got more
important formulations by neglecting the term VZ—Z in the continuity equation since he considered it as

useless and obtained a second-order equation where its solutions. Add the following formula for maximum
pressure rise using the following equation:
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P

H n n H . . . T . . .
Knowing that "6" (gate operation or valve closure characteristic) is equal to % and Tc is the equivalent time
of date closure.

aVO
ZgHo
the pressure head Hy [1].

@ n

p"isequalto

and also it’s the average of the kinetic and potential energies of water present in pipes at

5.Water Hammer Apparatus Overview

5.1 Brief description

The 'Water Hammer' experiment present in the LMFA laboratory, or 'Experiment du Coup de Bélier' in
French, is the Armfield C7 Mkl is a self-contained apparatus designed to shed light on the fascinating
world of fluid dynamics, specifically focusing on two pressure-related phenomena: pipe surge and water
hammer. This experiment is a valuable tool for Professors who want to teach and deliver these concepts
and their practical implications in hydraulic systems to their students. Since it's used to investigate the
effect of the 'slow' closing or opening of a valve, the amplitude and period of the water level oscillation in
the equilibrium chimney of the first conduit are measured.

The Water Hammer experimental setup is composed of the following components:
e Twin Test Pipes: The C7 Mkl has two test pipes made
from stainless steel (to prevent rust and thus minimize
friction loss). These pipes serve as the channels through
which water flows during experiments and connect the

water reservoir to the valves.

Figure 6 The two pipes of the
experiment
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e Water Reservoir: This tank is the water source for
conducting the experiments. It maintains a consistent
water level, ensuring a steady flow through the pipes. This
consistency is crucial for accurate and repeatable
measurements (the dimensions of the water reservoir will
be defined later in this document). In the middle of the
tank there is a spillway inside to prevent water from

flooding and spilling outside the reservoir.

experiment

Figure 9 Spillway inside the Water Reservoir Figure 8 The inlet of the water

reservoir and the outlet of the
spillway
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¢ Transparent Surge Shaft: One of the pipes includes a
transparent surge shaft (also known as the equilibrium
chimney or just chimney for short). This shaft is made of
acrylic (transparent plastic), allowing for visual observation
of the water level variation within the pipe. The surge shaft
also features a scale, enabling users to measure the

magnitude of these variations.

Figure 10 The Transparent Surge Shaft
(equilibrium chimney)

e Two Valves Control and Flow Speed Keys: The two valves for
water flow control are set at the end of each pipe. A lever-
operated valve is positioned at the discharge end of the first
pipe. This valve allows for gradual closure, similar to real-
world scenarios where valves might be closed slowly. The
second valve, which closes rapidly, is installed on the other
pipe to demonstrate the impact of rapid closure initiated by a
pressure button. Add to that, control over the flow rate within
the system before valve closure is provided downstream in

both pipes through additional keys.

I:'igure 11 Slow closing valve
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Figure 13 Keys used to control Figure 12 Fast closing valve
the water flow velocity

e Two Pressure Sensors: The apparatus is equipped with two electronic pressure sensors carefully
placed on the pipe. One sensor is adjacent to the fast-acting valve and another is placed in the middle
of the pipe. These sensors are crucial for capturing the high-speed pressure spikes caused by water

hammer as it's almost impossible to realize the phenomenon without the presence of the two

Sensors.
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Figure 14 A pressure sensor
installed at the end of the second installed in the middle of the

pipe

second pipe

Conditioning Unit and Data Acquisition: The two pressure sensors are connected to a conditioning
unit. This unit processes the sensor signals, making them compatible with PC software for further to
be able to see the results and analyze them. The conditioning unit is connected via a USB connection,

allowing for data transfer to the computer.
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Figure 16 The computer and the receiver of the pressure sensor signals

Figure 17 Water pump used to pump water in the water reservoir
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5.2 Main Phenomena and results :

e Pipe Surge: The first pipe with its transparent surge shaft takes center stage for investigating pipe
surge. By manipulating the flow rate using the keys and then closing the lever-operated valve, users
can induce slow changes in water velocity. These oscillations corresponds to the changes in
pressure, which are described as variations in the water level within the surge shaft.

e Water Hammer: The water hammer phenomenon occurs in the second pipe. This phenomenon
occurs due to rapid changes in fluid velocity. This is done using the experiment’s fast closure valve.
When this valve is closed, a pressure surge, known as water hammer, travels back and forth through
the pipe due to the sudden closure of the valve and thus changes in velocity and thus the change in
water pressure. The two pressure sensors positioned along the pipe capture the characteristics of this
pressure wave. By deducing the time delay between the readings from the two sensors, the speed of

sound in the water can be determined.

5.3 Applications, Outcomes, and Goals:

This experiment serves as a pivotal tool for comprehending the dynamics of pipe surge and water hammer for
students. These phenomena can have direct consequences in real-world applications involving pipelines and
water distribution systems. Pipe surge can lead to unwanted pressure changes and potential damage to
pipework components or even destruction of pumps. Water hammer, with its even more rapid pressure
spikes, poses a serious threat to pipe integrity if not properly accounted for in the design. By studying these
phenomena using the C7 Mkll, engineering students can gain valuable insights and knowledge that can be

applied to:

e Optimization of pipeline network systems: Understanding the pressure variations caused by surge
and hammer allows engineers to design pipelines that can withstand these forces, improving their

overall reliability and lifespan of the systems.
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e Propervalve selection: The C7 Mkll demonstrates the impact of valve closure speed on pressure
transients. This knowledge helps engineers choose valves that minimize surge and hammer effects in
real-world systems all while being economical in the selection in terms of cost and feasibility.

e |Implementing surge protection methods: The apparatus can be used to evaluate the effectiveness of
various surge protection measures, such as surge tanks or air chambers, in mitigating pressure

fluctuations.

Allin all, the Armfield C7 Mkl Pipe Surge and Water Hammer Apparatus offer a comprehensive and practical
learning environment for exploring the intricacies of fluid flow behavior in pipes. By enabling the visualization
and measurement of pressure variations associated with surge and hammer, this equipment empowers

engineers and researchers to design safer and more efficient hydraulic systems.

5.4 The current experiment setup and objective in the LMFA

The experiment apparatus in the laboratory of the Laboratoire de Mécanique des Fluides et d’Acoustique
(LMFA) at the Ecole Centrale de Lyon consists primarily of all the already mentioned components and is
preserved in a good condition that is still being used today to teach the students fluid dynamics.

Yet the administration of the LMFA - Fluid Mechanics and Acoustics Laboratory decided to check the stability
of the apparatus if it was properly calibrated and stable. Plus improving the experiment and applying some
changes like replacing the slow closing valve with a new valve that uses modern technology to open and close
to better show and teach the students the water hammer phenomena and better under since it had not been
changed for more than 30 years.

Even the gradual closing of a valve within a pipe initiates a pressure wave, commonly referred to as a 'surge
wave' or 'pipe surge,' necessitating effective damping. This experimental setup offers a visual representation
of how an equilibrium chimney operates to mitigate the impact of the pressure wave.

Measuring both the amplitude and period of the pressure wave allows for a comparison with theoretical
expectations. This process aids in comprehending and confirming the equilibrium chimney's efficiency in
attenuating the effects of the pressure wave [8].
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6. Experiment’s Application and Results

The experiment was conducted for 4 different flow rates of 8 X 10-5, 1.7 X 104, 2.6 X 10-4, and 4.2x 10—* all
inm3 / s. During each scenario, the water flow was set to a specific speed. When the slow-closing valve is
closed, the water stops flowing in the pipe and the water level rises in the equilibrium chimney. This process
is video registered for each scenario and the video is divided into frames depending on the registration device,
in this case, a budget telephone camera was used with an average resolution.

Then based on the camera's frame rate, the video was divided into photos where each illustrating the water
level at a specific time of the experiment. Thus, the output is a compilation of the dataset, representing the
oscillation amplitudes at each specified flow rate at a certain time of the experiment. This approach provides
a clear representation of the oscillation behavior of the water level with each different flow rate.

Figure 18 The chimney and observation
of results

For the best accuracy possible the video of each experiment was divided into images using Matlab based on
the frame of each video so that it was easy to track the water level variation and have a better resolution. The
collected data are usually the local maximum and minimum oscillations and a few midpoints of each local
oscillation for the best representation as this will help in the interpolation.
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Figure 19 The 8th frame of the water level variation for the first case at 0.24 seconds from the

beginning of the experiment

The following graphs represent the water level variation for each case throughout the experiment. This is done
by inserting the observed water variation into Matlab and requesting an interpolation so that it is possible to
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observe the level variation from the beginning to the end of the experiment without any missing data (gaps) so
that it's possible to compare it later with the analytical data.
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Figure 20 Water level variation in the chimney valuation over time for a flow 8 x 10~%* 3 /s
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Figure 21 Water level variation in the chimney valuation over time for a flow 1.7 x 104 3 /' s
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Figure 22 Water level variation in the chimney valuation over time for a flow 2.6 x 10-4 723 [ s
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Figure 23 Water level variation in the chimney valuation over time for a flow 4.2x 10~* m3 /s
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These outputs forms the benchmark foundation for the analysis, and be used as a milestone to make
comparisons between the observed and analytical results. This comparison between the observed data and
analytical simulations represents the accuracy and the robustness of the experiment.

7.System Installation and Configuration

To better understand the experiment installation, a scheme of the apparatus setup was drawn (using
AutoCAD) to illustrate in a drawn AutoCAD scheme below. This drawing illustrates all components' precise
dimensions and specifications to ensure accuracy in both numerical analysis and future development.

Figure 24 Water Hammer Experiment Setup in the Laboratory

Chimney
Water Reservoir

- - LY R

Figure 25 Scheme of the Water Hammer Experiment
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The details and dimensions of the experiment of the following components:

1. Manual valve with slow closing and opening.

2. Equilibrium chimney
e Internal diameter =44.0 mm

3. Pipe 1 (between the water reservoir and the chimney):
e Diameter =20.2 mm
e  Wall thickness = 0.90 mm
o length=3.0m

e Equivalent Roughness =0.0075 mm
4. Pipe 2 (between the chimney and the slow-closing valve):
e Diameter =20.2 mm
o Wall thickness = 0.90 mm
e length=6cm

e Equivalent Roughness =0.0075 mm
5. Water Reservoir:

e Inner Diameter =26 cm

o Llength=93.0m

7.1 Numerical Analysis

In the water hammer experiment, numerical analysis is required to provide insights into the system's dynamic
behavior. When focusing on the slow closure of the valve, numerical simulations play an essential role in
understanding the amplitude and period of pressure waves. Using finite difference or finite volume methods,
its possible to computationally model the experiment's mathematical framework. These numerical
approximations allow the prediction and analysis of water level variations, paving the way for a deeper
exploration of transient pressure surges. This introduction prepares us for the subsequent inclusion of
specific formulas, offering a quantitative perspective on the investigation.

Applying the balance of forces on the system is like a rigid conduit enabling the derivation of a formulation
that influences the oscillation within the system. This fundamental approach allows the systematic analysis
and quantifies the dynamic interactions of forces acting on the experimental setup.

Using Newton's second law over the standard conduit :
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pAL% = pgAhy + pgALsin(0) — pgA(h, + y)- pgAhs
Where the parameter is the following:
A: Cross-section area
v: Mean velocity
L: Length of the conduit
p : Fluid density
y: Variation of level in the water chimney

0: The inclination angle of the pipe connecting the reservoir to the valve (in the current experiment is
equalto0)

h,: Water level in the reservoir
h;: Pressure loss in the conduit in the conduit

g: Gravity coefficient

L dv
sy +)
Where hy is the friction loss and it is equal to:
AL
hf = ——UZ
Ya

By substituting with the conservation of mass formula we get the following equations:

di  gA[iL (dy)2
dt2 LS |ga\dt y

This nonlinear equation can't be solved analytically; therefore, we resort to other numerical methods for its
solution. But by neglecting the friction factor it is possible to get the following results:

d?y gA
24+ v=0
acz T 1s?

. L . . . . od . . . .
This equation is nonlinear in y and a nonlinear function of velocity, d—)t', meaning there is no analytical solution.

However, if we neglect the friction losses, we obtain the classical equation for harmonic oscillation:

The solutions are the following:

— Vi R —p (94
y =Y sin(wt) Y=v r w=v |
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Using MATLAB software it's possible to solve this nonlinear equation and obtain results However, while these
results are mathematically correct, they are physically inaccurate. When water flows in the opposite
direction, friction should oppose the motion. Instead, the current results incorrectly show friction aiding the
motion, leading to an increase in flow speed in the chimney over time rather than the expected decrease.

Applying this formula for the case of 8 X 10-5 gives the following results:

Variation of Water Level in the Chimney
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Figure 26 Simulation for a normal case for a flow rate equal to 8 x 10-4 3 [ s

Meanwhile, if the formula is adjusted to this to its proper physical meaning it will be equal to the following:

d32, _gA
dt? LS

In this formulation, the velocity adopts the sign and direction of the flow, ensuring physical accuracy and
resulting in proper values and simulations. This approach corrects the physical representation of the system
dynamics and leads to more realistic simulation outcomes. By considering the actual flow direction and
velocity, the model provides a more accurate depiction of the system's behavior.
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This is the simulation for the case of a flow rate equal to 8 x 10-4m3/ s:
Variation of Water Level in the Chimney
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Figure 27 Simulation in case of the formula is updated for a flow rate equal to 8 x 10-423 | s

It can be noticed that the water level and the velocity in the chimney decrease gradually over time which goes

perfectly with what we have seen while conducting the experiment and the obtained result aligns with the
experimental output, especially the oscillation period T that varies between .

The same simulation has been conducted for all three other scenarios with different flow rates and the results
are the following:
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0.1 Variation of Water Level in the Chimney
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Figure 28 Simulation for a flow rate equalto 1.7 x 10-4m3 [ s
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Figure 29 Simulation for a flow rate equal to 2.6 x 10-4723[s
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Figure 30 Simulation for a flow rate equalto 4.2 x 10-4m3 [ s

It can be witnessed that the higher the flow rate in the pipes the greater the oscillation in the chimney interms
of water level and velocity and this is because a high flow rate causes a bigger pressure surge thusthe

chimney plays the role of a surge tank and the water level goes higher to dissipate the generated pressure
caused by the water hammer phenomena.

8. Method of the characteristics

8.1 Brief Description

The method of characteristics, or MOC for short, is a mathematical method used to solve partial differential
equations, especially those describing wave-like phenomena. It consists of converting thepartial differential
equation into a set of ordinary differential equations along characteristic curves, allowing for the prediction of

how waves or other phenomena propagate through a system. This approach is considered a strong tool for
assessing and forecasting fluid dynamics behavior.

Additionally, using the method of characteristics gives us the ability to successfully modify the system and
understand its dynamics. This includes the possibility of substituting any element of the system and even
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adding new ones to the system, for example, changing the valve with new ones orchanging their initial
opening and checking how this will affect the output and the whole system.

8.2 Mathematical derivation

The method of characteristics is an approach widely used in hydraulic engineering to study
one-dimensional flow patterns in open channels and pipes. Known for its effectiveness in
solving differential equations this method provides a structured framework for
comprehending the intricate flow dynamics within hydraulic systems.

Essentially the method of characteristics involves defining curves that illustrate how waves
propagate throughout the flow area. By integrating the governing equations along these curves
the original partial differential equations are converted into a set of equations simplifying the
solution process.

A crucial aspect of this technique is applying conditions along these curves, which determine
how the solution behaves at the boundaries of the flow area. These conditions typically
involve specifying parameters like flow rate and water level.

After integrating and applying conditions the solution is reconstructed by combining
information gathered from characteristic paths. The method of characteristics excels in
handling flow scenarios and discontinuities proving essential for simulating hydraulic events
such, as flood waves and hydraulic transients.

In conclusion, the method of characteristics proves to be a flexible tool, in hydraulic
engineering providing a way to examine and address intricate flow issues controlled by
hyperbolic partial differential equations.

The derivation to reach the applied methods of the characteristics is as follows:

Knowing that the momentum equation is the following:

=de , dH f —
L=yt 94+ 000 Qlel=0
Consideringthe R = f
2D A
The continuity equationis:
_,240  dH . _
L T + o gA=20
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Applying a linear combination of both equations L; and L, (continuity and momentum
equations) will result in an equation called “L”.

Thus:
L = L1 + ?\L2=

Ais an unknown multiplier to be defined, so the resulting equation is valid.

24dQ aH =
(dt+7\a )+gA7\( +Adt)+RQ|Q|

L— +gAA =+ RQIQI=0

Since H=(x,t) and Q = Q(x,t) this implles that the total derivation of the equations is as follows:

dQ dQ dex
de dt = dxde

de 2de _ de , dedx_de
dt Aa dx_dt+dxdt dt

Defining the unknown multiplier A as such:

1 dx "
—=—= A
A dt
Meaning that : A :iffii
Replacmg— and W|th 40 but this limitation is introduced in that— = Aa?.

dH dH dH dHdx _dH

dt  Adx dt dx dt dt

In case 1.&
n A dt
) -de aH =
Thus: L i + gAA i +RQ|Q|=0
i 2 W 1_dx
Yet if Aa " and i
Implies that: %—% Aa? Means that %=ia and A= +a

Page | 40



¥ Politecnico ! ' s
i ATV
‘{‘Iillillu.'::::...:::::ﬂl:hilt': di Torino /\/\f A
\\‘\ 1859 ,:"
St
CENTRALELYON
dQ dH .01 dx
: —~ 4+ =+ = [ R
Thus: i gAadt RQ|Q|=0 if —=—=a
de dH .. dx
—+ + = — =
And dt 'gA —adt RQ |Q| 0 if dt a

Known that the system of partial differential equations (PDEs) is a simpler system of ordinary

differential equations (ODE). But the PDE is valid for any value of% while the ODE is valid only

d . . . . .
ford—f = —a* meaning that for a straight line (if a is constant).

dx

.
dt

These 2 equations are known as the compatibility equations. In the x-t plane, Equations

mathematically partition the x-t plane into two regions, potentially dominated by different
solutions, resulting in discontinuities along these lines. Physically, these lines indicate the paths
followed by disturbances in the x-t plane. For instance, a disturbance originating at point A
(Figure 32) at time t, travels along line AP and arrives at point P after a time interval At. The next
step involves solving the compatibility equations along the characteristic lines, solving the

dH _
—a" RQ|Q|=0 (known as

equation 4.2), it is essential to discuss the physical significance of characteristic lines in the x-t
plane. These equations, when integrated, provide a means to determine variables such as flow
rate (Q) and head (H) at any point in the flow domain.

equations i—f +gA % + RQ|Q|=0 (known as equation 4.1) and i—f +gA

The process begins by formulating the compatibility equations based on the governing equations
of motion and continuity specific to the hydraulic system. These equations must be valid along
the characteristic lines in the x-t plane.

o +at |- S S
—Characteristic Lines

al

AX = aat

Figure 31 Characteristic lines in x-t plane.
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Assuming that the head (H) and discharge (Q) at time t=t0 are known. These values could either be initially
specified (i.e., at t=0, as initial conditions) or calculated during the previous time step. The objective is to
compute the unknown values of (H) and (Q) attime t=t,+At. Referring to Figure 32, considering that the
values of (Q) and (H) are known at points A and B, the aim is to determine their values at point P. This can be
achieved by solving Equations 4.1 and 4.2 as follows: By multiplying the left-hand side of Equation 4.1 by dt
and integrating, resulting in Equation 4.3:

[} dQ +gA%fde +R [} QlQldt =0

Reservior

Va/ve
Flow
JE—— 1
A B
L
-—
Figure 32 Pipe system

A and P are used to indicate the positions in the x-t plane, and @, is the discharge at P, add to that equation
4.1 is only valid on the characteristic line AP, thus the limit extends from A to P.

The first two integral terms of Equation 4.3 are evaluated. Meanwhile, it's not possible to accomplish this for
the third term, which stands for the friction losses, as the variation of Q's explicit to t. Utilizing a first-order
approximation, it's possible to evaluate the third term's integral as follows:
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Figure 33 Excitation at the downstream end

t = At

Region I1

Region I

A B

M
X

Figure 34 Excitation at the upstream and downstream ends

R[; Q1Qldt = RQa 1Qal (tp — ta)=RQa Q4] At

Knowing that Q is the same between A and P, Thus equation 4.4 :
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(Hp —Hp)
Qp — QA+9APT+RQA |Qal At=0

It is important to note that Equation 4.4 is precise except for the approximation made for the friction term.
This first-order approximation generally provides satisfactory results for most engineering applications.
However, this approximation may lead to unstable results if the friction term becomes significantly big. A
shorter computational interval At can be employed to prevent instability, or a higher-order approximation or
an iterative procedure can be used to evaluate the friction term.

For instance, a second-order approximation of the integral of the third term in Equation 4.3 is Equation 4.5:

R[7 QlQIdt = 0.5RA[Q4 1Qal + @y 10 I]

Known as the trapezoidal rule. Additionally, there are two other approximations for the friction term Equation
4.6:

R[; QlQldt = RAY0.5(Q4 + Q) + 0.51(Qa+ Q) ]
And having Equation 4.7

R[, QlQldt = RAtIQ, 1Q,

Since the value of @, is unknown, an iterative procedure may be necessary for approximating the equations
4.5 and 4.6. However, the approximation of equation 4.7 results in a linear equation, similar to equation 4.4,

_ii; + RQ|Q|=0 becomes the

which can be solved directly. Following this approach, the expression of% +gA "

following equation 4.8:

(Hp —Hp)
Qp - Qp ~ gA—"——"—+RAtQs | Q5| =0

By combining all the variables, thus equation 4.5 called the positive characteristic equation is the following:

Qp=Cp-Cq Hy
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Equation 4.8 called the negative characteristic equation can be written as :

Qp=Cn +Cy Hy

Where C,, and C, are known and remain constant during each time step, although they may change from one-
time interval to the next. Meanwhile, C, is a constant that depends on the properties of the conduit. are the

following:
H
Cp =04+ gAjA— AtRQ4 |Q4] At
H
Ch=0Qp— gAjB— AtRQp |Qp| At
Where: C, = gA%

However, there are still two unknowns, H,, and @, presentin both the positive and negative characteristic
equations. Solving these equations will yield the values of H, and Q.

Q, =0.5(C, + Cp)

The value of H,, can be determined from either Q,= C, - C, H, or Qp=Cy, + C4 Hy. Byusing  Q,=C, - C, H,
and @, =0.5(C,, + C;,), we can calculate Hy, and @, at allinterior points at time t, +At (Figure @). However, at
the boundaries, only Q,= C, - C4 H, or Q= Cy, + C, Hy is applicable. Therefore special boundary conditions
are required to determine the state at the boundaries at time t, +At.

T Interior sections

A Downstream boundory
L] Upstream boundary
E I N N N N N N N
at , X
N 7
I ¢ 3¢ 3¢ N N Ne N
At X
e o D A
Ot X, X
N ’
R L L5 -3 - 7 . LT A
8 X
AX AX AX AX AX AX AX
B e B T - R

Figure 35 Characteristic Grid
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To apply the previous equations, and consider the pipeline shown in Figure 32 (as it is very similar to the present
experiment in the laboratory of the LMFA). The pipeline is divided into n reaches Figure 35, each of length Ax. The
endpoints of these reaches are referred to as sections, nodes, or grid points. The end sections of each pipe are
known as boundaries, while the sections excluding the boundaries are called interior sections, interior nodes, or
interior grid points.

First, the steady-state conditions at t=t are calculated at all grid points. Then, to determine the conditions at t = ¢,
+At, Q@ =0.5(C,, + C) and Q= €, - C, Hyare applied to the interior nodes, while special boundary conditions are
used for the end nodes. As shown in Figure 35, the conditions at the boundaries at t = ¢, +At must be known to
calculate the conditions at t = £, +2At for the interior nodes adjacent to the boundaries.

With the discharge and head known at all nodes at t = ¢, +At, the values of €}, and H,, at t = t, +2At are computed
following the outlined procedure. This step-by-step process continues until the transient conditions for the
required time period are determined [6].

8.3 Application and Results

Utilizing MATLAB to conduct a simulation following the method of characteristics (MOC), with input
parameters such as initial conditions like the flow rate and valve initial opening. The simulation takes into
consideration friction effects, including pipe roughness and factors related to the water reservoir's output, by
transforming the partial differential equations into a set of ordinary differential equations along characteristic
curves, it's possible to predict how waves the through the pipe’s system and the water variation in the
equilibrium chimney. This approach allows for accurately analyzing and forecasting fluid dynamics behavior
and simulating the expected experimental results.

Furthermore, the MOC assists in modifying the system successfully. By testing changes and modifications
that might occur on the apparatus such as substituting elements like valves or adjusting their initial settings
to observe the impact on system performance. The results of the simulation demonstrated the system's
behavior under various conditions, providing valuable insights into optimizing system components and
improving overall performance.

The resulting outputs are representations of the variation of pressure head H, flow rate Q, and water level in
the chimney Hst and valve opening Av throughout 100 seconds due to the sudden closure of the valve over
both the upstream and downstream part of the experiment.
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Figure 37 Simulation of the MOC for a flow equalto 1.7 x 10-4m3 [ s
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The variation we notice in the pressure head is caused by the phenomena of water hammer or coup
de belier, and to minimize the effect of the surge the pressure is being dissipated in the chimney
that’s why we see this increase in water level.

This variation gets greater the bigger the flow rate is, the same scenario we have seen during the
conduction of the experiment and the outputs from the numerical analysis even that oscillation
period in the method of the characteristic aligns very well with previous analytical and
experimental results showcasing that the simulation is correct.

9. Stability check

To ensure that the C7 Mkl functions properly and accurately, the experiment must be properly
stable. One way to check is by analyzing for differences in water levels on each side of the
apparatus the water reservoir and the equilibrium chimney. This method helps detect any leaks,
unevenness, orimbalances in the system.

Knowing that there are many ways to check the water level height the fact that it's being measured
in this case in a small environment makes it very challenging as a small error or mistake can affect
the inaccuracy of the system. That’s why it is highly recommended to use high-end technological
instruments and avoid low-accuracy methods like tap and equilibrium chimney grading to check
the stability.

9.1 Ultrasonic Sensors

One way to measure the water level on both sides with utmost accuracy is by using an
ultrasonic sensor suitable for measuring water level in narrow areas, particularly focusing
on verifying the water level variation in the experiment. The chosen sensor will play a
pivotal role in validating and confirming the accuracy of data derived from the experiment
designed to educate students about the phenomenon of water hammer.
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To ensure the credibility and reliability of the experimental data, the selection of a precise
and accurate ultrasonic sensor is crucial. The sensor will enable real-time monitoring and
measurement of water level variations, facilitating the verification of the stability of the
experiment and enhancing the educational experience for students learning about water
hammer.

Add to that, the chosen ultrasonic sensor must include high accuracy, reliable
performance, ease of integration into the laboratory setup, and the ability to measure
water level variations with precision. Adaptability for any future modification of the
experiment is applied such as the replacement of the old valves with new ones.

9.2 Ultrasonic Sensor Description

The ultrasonic sensor is a device that uses ultrasonic sound waves to measure the distance of a
surface or object through air without touching it. It operates by emitting ultrasonic waves and then
calculating the time it takes for those waves to bounce back after hitting the surface. By measuring
the time taken for the signal to return and knowing the speed of sound in the air, the sensor can
determine the distance to the surface.

Ultrasonic
sensor
Microcontroller

Transmitted wave

Received wave

Visay Detected
| object
Il' £
Time to fly
measurement |« Measured distance

Figure 40 Ultrasonic sensor measurement scheme [9]
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The ultrasonic sensor functions as follows:

Ultrasonic Wave Emission: The sensor emits ultrasonic waves, which are high-frequency sound
waves, in a certain direction. These waves operate at frequencies higher than human hearing, so
humans can't hear them, and travel through the air until they come into contact with a surface or
an obstruction.

Waves Reception: The ultrasonic waves are reflected toward the sensor when they come into
contact with a surface or an item. Calculating distance requires knowing how long it takes for these
waves to return to the sensor after bouncing off an object or surface.

Distance Calculation: The sensor measures the time interval between sending out the ultrasonic
wave and receiving its reflection. It precisely measures the time taken for the wave to travel to the
object and back. This time measurement is typically done using the speed of sound in the
environment (air, water, etc.). Based on the time it takes for the waves to return, the sensor
determines the distance to the object by using the known speed of sound in the environment.

Applications for ultrasonic sensors are many and include robotics, industrial automation, car
parking systems, liquid level measurement in tanks and reservoirs, object detection, and distance
measuring. Their precision, dependability, adaptability for a variety of situations, and non-contact
nature make them popular. These sensors are available in several varieties and styles, full of
features and functionalities that suit every particular use case and sector.

9.3 Senix Ultrasonic Sensor Selection

9.3.1 Company Introduction

One of the most well-known innovators in ultrasonic sensor technology is Senix Corporation. Senix
has established itself as a top manufacturer and supplier of high-quality ultrasonic sensors for
various commercial and industrial applications throughout its illustrious thirty-year existence. It is
renowned for coming up with innovative solutions, and building robust, trustworthy, and precise
sensors that can detect objects, gauge distance, and sense level; it is also committed to providing
high-quality products and is always pushing the boundaries of ultrasonic technology. It provides
cutting-edge sensor solutions that are specially made to satisfy the increasing demands of various
industries throughout the world.
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Senix offers a wide range of ultrasonic sensor options with different specs, dimensions, and costs

based on the required tasks, allowing us to choose sensors that align precisely with our scope of
need and requirements.

14 Ft.

&

30 Ft.

Deadband = 1.75 in

1t
i
i
H

0

Deadband <4 in

316 Stainless Steel

Deadband = 10 in

Deadband < 1 ft

ToughSonic 3 ToughSonic 14 ToughSonic 30 ToughSonic 50 ToughSonic 50 ToughSonic 50
(rear mount) {clamp mount) (front & rear mount)
Max. Range Max. Range Max. Range Max. Range Max. Range Max. Range
3 fe. (91 cm) 14 ft. (4.3 m) 30 fr. (9.1 m) 50 ft. (15.2 m) 50 ft. {15.2 my) 50 ft. (15.2 m)
Optimum Range Optimum Range i Range Optimum Range Optimum R Optimum Range
1.75to 241in 4into 10 ft 10into 20 ft 1ftto 336t 1ftto33ft 1ftto33ft
(4.6 - 61cm) {1L00Omm - 3m) (25.4cm - 6.1 m) (30.5 cm - 10 m) (20.5 cm - 10 m) {30.5 cm - 10 m)

Deadband < 1 ft

» 316 Stainless Steel - 316 Stainless Steel - 316 Stainless Steel
Available in either  « 1.5% NPT threads = 1.5"NPTthreads, |« ClampMount
I0mm or 1* NPT - 35232 orR5485 rear mount - mm
threads (w/o nuts) | g \yjre Sensor = R5232 orR5485 - 9 Wire Sensor
RS232 orR5485 s . 9 Wire Sensor - Penwer

6 Wire Sensor - Serial Interface - Power - Serial Interface

- Power - 5 Configurable - Serial Interface - 5{:nnﬁgu-_mhle

- Serial Interface outputs. - 5 Configurable outputs

- 2 Configurable - Teach Button outputs

outputs
- Teach Button

- Teach Button

Figure 42 Senix products catalog

= PWC
« 25" NPT threads,

= R5232 orR5485
+ 9 Wire Sensor

Deadband < 1 ft

front and rear
mount

- Power

- Serial Interface

- § Configurable
outputs

This diverse catalog allows the making of ideal decisions, selecting sensors that meet the

requested technical specifications and align with the lab's budget, ensuring optimal performance
while being cost-effective for the projects.
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30 mm thread for
general application

Figure 43 ThoughSonic 3

Addressing this specific case of measuring water level variations in a reservoir during pumping
operations and controlled discharge, the ToughSonic 3 is an ideal solution. Its 0.086 mm resolution
and nominal repeatability of 0.2% of the range at constant temperatures precisely match the
needed requirements. With the measured water variation ranging from 10 to 5 centimeters, the
ToughSonic 3's optimal range (4.6-61 cm) and deadband (1.75 inch / 4.44 cm) align perfectly with
our reservoir's geometry.

Reservoir outer side

Figure 44 Reservoir Cross-section
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Figure 45 Reservoir Measurement

Considering the distance between the reservoir's inner cylinder and the output tube (9 cm), the
dead band's compatibility (4.44 cm), and the sensor's conically shaped beam angle (typically 10-15
degrees), ensuring the emitted and received beam remains isolated within the desired
measurement area.

Figure 46 Water reservoir side while using the ThoughSonic 3
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Furthermore, the sensors can detect and mitigate the impact of unintended obstructions or
surfaces by adjusting beam width, and sensitivity, and employing processing filters, thus ensuring
accurate measurements in complex environments. Additionally, the sensors' immunity to loud
sounds and humidity, coupled with a reliable update rate of 20 Hz (50ms), further solidifies their
suitability for our intended application.

When conducting the experiment water drops remain on the inner side of the chimney in this case
using an inadequate sensor can detect these drops and generate misleading data that ruins the
purpose of the experiment

9.3.3 Optimization and Filtering

In case of water agitation in the reservoir caused by the infall (output) or the water pumping
(input) filters can be utilized to calibrate the sensor and neglect the jittery readings, filtering
includes stability test, averaging type, and delayed reaction types. Simple averaging the
last 25-30 measurements smooths the jittery data and the output data from the sensor is
configured running rate.

Before average filtering, input rejection filtering is applied, the last ignores many
measurements and the total of the collected measurement data is called raw data and the
result is the output data. Knowing that the level is variating between 10 and 5 cm any data
that does not fit this domain can be filtered and eliminated. This filter is also useful to
disregard any unwanted object that interferes between the sensor and the water surface.

Suppose an averaging filter is used for the data received from the input rejection filters.
This filter suspends the current distance until stability returns in case an unstable target is
caught by the stability filter making it possible also to measure the variation in the chimney
of the experiment which has a diameter of 44 mm.

9.4 Pressure Measurement

The water hammer experiment includes a chimney that is used to check the pressure in the pipe
when closing and opening the valve to check the surge and show its effect to the students
experimenting. Yet when closing the valve, the water level in the surge varies and when the closing
is fastit’s very hard to observe the water variation and collect data even when taking video records,
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thus an easier way to measure the level along the course of the experiment is to use the pressure
measurement sensor.

The advantages of utilizing this sensor are multifaceted. By directly measuring pressure, it provides
a direct and accurate representation of the water level changes throughout the experiment. This
not only eliminates the intricacies associated with visually tracking fast-changing water levels but
also offers a more accessible and efficient means to monitor the dynamic phases of the
experiment. The sensor's real-time capabilities further contribute to the precision of data capture,
ensuring that all variations in pressure are accurately recorded, thereby enhancing the overall
reliability and comprehensiveness of the experimental observations.

9.4.1 Pressure Measurement Sensor.

The device is to be set under the water chimney and it will record the pressure in the reservoir and
chimney. Knowing the pressure the water level can be determined in both, the reservoir and
chimney. The sensor output is set between 4 to 20 mA because, in case of a malfunction or power
failure, the sensor won’t record any data unlike if it's set for DC 0 to 5 V, a non-linearity between
equal to 0.25 % and a measurement range that can reach from between 0 - 0.05 to 0 -1,000 bar
ideal to the experimental application.

Figure 47 pressure measurement sensor A-10.
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Having similar sensors already installed in the experiment for the fast closure valve, it will be easy
to calibrate and use this sensor especially when all required equipment is already present in the
lab (computer, cables, and software) also it costs around 75 €, much cheaper than other
counterparts and easy installation procedure.

9.5 Alternative Methodologies

Other devices and methods can be considered to measure the water level in the chimney and
water tank, but each type comes with a challenge, and not all of them can be overcome easily.
Some of these devices were:

Resistance capacitance: Itis very hard to achieve accurate measurements in a confined space
and implementing the experiment in the installation is no different due to the small diameter of the
chimney (44 mm) using resistance-capacitance. Depending on the specific RC circuit design and
components used, there may be limitations in the range and resolution of water level
measurements. Thus, making this method very complex compared with its other counterparts.

Float Sensors: Float sensors operate based on the principle of buoyancy and are capable of
detecting water levels. They can be cost-effective and simple to use. However, their precision and
suitability for high-precision measurements, especially in transient phenomena like water
hammer, might be limited compared to ultrasonic sensors.

Piezometer: Piezometers measure liquid pressure at a specific point and can indirectly indicate
water levels by assessing the pressure exerted by the water column. They offer a direct
measurement of the hydraulic head but might necessitate careful calibration and consideration of
the container's geometry to accurately infer water levels. In the context of water hammer
experiments, piezometers could provide valuable pressure data, but their direct translation to
precise water level measurements might require additional calculations or considerations.

The selection of alternative devices for water level measurement in water hammer experiments
significantly influences both the cost-effectiveness and overall success of the project. This
evaluation necessitates a balanced consideration of various factors. Cost considerations weigh
the budget constraints against precision and reliability, highlighting potential economical options
like pressure transducers and float sensors.
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10. Valves

10.1 Brief Description of Valves

The integration of a digital valve into the laboratory's water hammer experiment aims to enhance
precision and efficiency by increasing the interface with the experiment. Currently reliant on
traditional valves, the experiment lacks the necessary control over closure dynamics, hindering
accurate data collection and reproducibility. The incorporation of a digital valve is expected to
address these limitations by providing programmable closure rates, real-time monitoring
capabilities, and improved control over experimental conditions. Following a thorough evaluation,
the Parker-Lucifer electro-valve is recommended for its wide closure speed range, exceptional
accuracy, and compatibility with existing laboratory systems.

This report's secondary objective is to optimize the instrumentation used for measuring water
levels in the water hammer experiment's chimney. The current setup lacks the requisite precision,
impacting the alignment of data with the experiment's intended outcomes. To overcome these
challenges and enhance the accuracy of measurements, the selection of an appropriate device or
method is needed. The chosen instrumentation should not only provide precise data but also
seamlessly align with the experiment's objectives. Through an evaluation process, the aimis to
identify the most suitable device or method that complements the water hammer experiment,
ensuring accurate and meaningful data collection.

The key benefits include precise control over the experiment, continuous monitoring of pressure
changes, and enhanced reproducibility of experiments. These upgrades aligh with the laboratory's
commitment to scientific advancement and promise to contribute significantly to understanding
fluid dynamics all while taking the cost and budget into consideration.

10.2 Valves

Avalve is a mechanical device used in systems to regulate the flow of fluids (gases or liquids)
through pipes or passages. In several industries, such as manufacturing, energy, and chemical
processing, valves are crucial parts. They can be manually, mechanically, or electrically controlled
and are used to start, halt, or adjust the fluid flow. Gate valves, ball valves, butterfly valves, and
globe valves are among the several types of valves available. These valves are made for certain
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uses depending on variables like fluid type, pressure, and temperature. Avalve's main job is to
regulate the flow's direction and rate to keep a fluid system operating safely and effectively.

Digital valves, on the other hand, represent a technological advancement in fluid control systems.
Unlike their traditional counterparts, digital valves utilize electronic or computerized control
mechanisms for precise and programmable operation. They offer the capability to modulate flow
rates, enable remote control, and allow for real-time monitoring of various parameters such as
pressure and temperature. Digital valves contribute to enhanced automation, providing greater
accuracy and repeatability in regulating fluid flow.

The key difference lies in the control mechanism: traditional valves rely on manual or mechanical
operation, while digital valves leverage electronic control systems. This distinction grants digital
valves the ability to offer finer adjustments, programmable settings, and integration with modern
automation technologies. As a result, digital valves are particularly beneficialin applications where
precise control, automation, and real-time monitoring are critical factors for operational efficiency
and experimental accuracy.

Here is a general overview of how an electro valve (solenoid valve) works:

Solenoid Mechanism: The electro valve is made from a moveable ferrous core, also known as a
piston, that is encircled by a wire coil. A magnetic field is produced by the coil when an electric
current is introduced to it. The ferrous core moves because of the activated coil's magnetic field
drawing it in and due to this axial movement closes the valve.

1. Valve Operation: The movement of the core affects the position of the valve's internal
components. In a basic solenoid valve, there is a seal or diaphragm that is either lifted or
lowered by the movement of the core. This action opens or closes the passage for the fluid,
controlling the flow through the valve. The opening and closing of the valve are rapid and
precise, making electro-valves suitable for applications requiring quick response times and
accurate flow control.

2. Power Shutdown: When the electric current is turned off, the magnetic field dissipates,
and the spring or other mechanical components may return the core to its original position.
This action results in the opening of the valve returning [3].
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10.3 Valve selection

10.3.1 Company Introduction

Parker Valves stands at the forefront of valve technology, distinguishing itself as a vanguard in the
industry. With a legacy marked by ingenuity and excellence, Parker Valves has firmly established its
standing as a preeminent manufacturer and supplier of high-grade valves. The company is lauded
for its unwavering commitment to pioneering solutions, consistently engineering valves that
embody not just robustness and dependability, but also precision-crafted sophistication in
regulating fluid dynamics across diverse industrial terrains. Parker Valves remains dedicated to
delivering products of unparalleled quality, continually pushing the boundaries of valve technology
to meet the dynamic and evolving demands of industries on a global scale. Through avant-garde
valve solutions, Parker Valves adeptly tackles the multifaceted challenges inherent in various
sectors, cementing its reputation as a trusted and forward-thinking force shaping the ongoing
narrative of valve innovation.

LUCIFER

Figure 48 Parker Lucifer Corporation Logo

10.3.2 Electro-valve 221G/15

Following a meticulous evaluation of numerous products and thoughtful consultations with various
producers and providers, the best choice for measuring water levels in the chimney during the
water hammer experiment emerges in the form of the 221G electro-valve. This exceptional device
stands as a testament to versatility and reliability, seamlessly aligning with the experiment's lofty
objectives.
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The 221G electro-valve distinguishes itself with a plethora of features that render it an unparalleled
candidate for this application. Its ingeniously designed mechanism not only simplifies the
installation process, allowing for the seamless substitution of the old valve but also facilitates
effortless integration into diverse experimental setups. This adaptability becomes the cornerstone,
ensuring that the electro-valve can adeptly navigate the dynamic conditions within the chimney,
guaranteeing the acquisition of accurate and responsive measurements.

What sets the 221G electro-valve apart is not only its adaptability but also its remarkable
operational efficiency. With the capability to close and open within a mere 30 ms and 35 ms,
respectively, this electro-valve emerges as the quintessential instrument to meticulously observe
the water hammer experiment and meticulously collect data. The valve's dimensions, boasting an
opening diameter of 12", coupled with its user-friendly design, further solidify its status as an ideal
instrument for our experiment.

Figure 49 221 G /15 electro-valve
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Figure 50221 G 15 Sections [4]

Another crucial consideration for selecting this valve lies in its installation process, which mirrors
that of the existing valve already in place. This seamless integration eliminates the need for
additional modifications or adjustments, streamlining the implementation and ensuring continuity
in the experimental setup so that the total cost of the valve does not surpass 100 € (while the
motor-driven valve costs around 450€) much lower than other valves in term of cost and time
efficiency.

10.4 Simulation in case of a full-flow

The 221G electro-valve has an inner diameter of 0.5 inch (1.27 cm thus the area of a full opening AD
is 1.26 cm”2) and a closing time of 30 ms. Knowing that the closing blade of the valve sections
closes in the form of a guillotine thus we won’t have a linear decrease in the valve's open cross-
section area (Av) when closing the valve. Thus, using MATLAB, we were able to get the following
scheme:
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Figure 51 Valve opening area variation in function of time of closure.

Knowing that the analytical formula applied for the area of the closing of the valve is the following:

A = cose 4 A
y =5 cost+—

The parameters are the following:
A, valve current open attime t
A;: valve initial opening

And applying the method of the characteristics for an initial full opening of the valve and full closure
within 30 ms we can get preliminary results of how the experiment will look like and the
observations we will witness, especially what’s related to the water level variation in the chimney.
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Figure 52 Simulation in case of a total valve opening
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And we can deduct the information regarding the flow such as a maximum flow of 0.24 liters per
second, the oscillation period of about 9 seconds, and the water level in the chimney at each
moment of the experiment with an initial water level of 562 mm. And in case we are not satisfied
with these results we can always change the valve by choosing from the series a valve with a
different opening area like the 221 G /25.

Parker offers a wide range of valves that even need the same valve but with a different diameter or
closing/opening speed it’s easy to find our product without the need to search for another supplier
or enterprise. The catalog below highlights some of their products that are particularly pertinent to

our objectives.
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Figure 53 Valves catalog.

Figure 54 All Valve opening and closing times.
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10.5 Alternative Valves

Several alternative valves and methodologies exist that can effectively fulfill the necessary tasks.
Some of these alternatives present viable options to consider alongside ultrasonic sensors for
accomplishing the desired tasks.

e Motor-driven valves: This valve’s opening and closing are done by gears connected to a
motor. The main problem with this valve is the time it takes. For example, to close the valve
it takes a few seconds. At this point, the experiment would be useless, it wouldn't have the
water phenomenon and would cost a lot compared to its other counterparts.

Figure 55 Motor-driven valve [10]

e Angle seat globe valve: The globe valve is mainly set to modulate and control water flow
but also prevent water hammer cases, so it does not fit with the scope of the experiment
since it removes the water hammer phenomena and defeats the experiment's purpose.

Page | 66



Vida_ 40V Politecnico
\ missisann e i Torino

11. Conclusion and Future Work

This thesis research aims to deepen our understanding of fluid dynamics by focusing on the
variation of water levels in a chimney and reservoir under different flow conditions. Analytical
analyses and calculations were conducted for this purpose to check the execution of the
experiment if the results are as expected when experimenting in real-time. Using the experimental
setup ensured precision in both construction and analysis. We conducted experiments with
varying flow rates and utilized cameras to capture and measure water level variations. This
approach generated a detailed dataset that highlights the dynamic relationship between flow rates
and oscillation amplitudes, ensuring the accuracy and reliability of our measurements.

By applying the Method of Characteristics (MOC), we were be able to transform complex partial
differential equations into more manageable ordinary differential equations along characteristic
curves. This enabled us to accurately predict the system's behavior, providing valuable insights
into wave-like phenomena in fluid dynamics and comparing the results with the analytical
analyses.

We suggested and studied many methods to measure the water level on both sides to check the
stability of the experiment. During the search for the best tool to measure the water level, several
methodologies and devices from different brands in the market were studied and evaluated to
check if they were compatible with the aim of this project. If a balance is made between cost-
effectiveness, accuracy, educational impact, and long-term viability, the choices mentioned in this
thesis emerge as the optimal choices. their precision, range compatibility, and align perfectly with
our project objectives. These upgrades ensure accurate data collection and enhance the
educational experience, making it the ideal device to support our study of water hammer
phenomena in fluid dynamics experiments.

To further enhance our control over the experimental apparatus, we propose the implementation of
a new valve installation. This innovative valve is expected to provide better regulation of flow rates,
allowing for more precise adjustments and improved overall interface with the system. Testing and
comparing the new valve with the existing one will help us assess its impact on the accuracy and
stability of the experiments.

Future studies could investigate the impact of different valve designs and materials on system
performance. This includes experimenting with smart valves that can be remotely controlled and
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adjusted in real-time to dynamically optimize flow conditions. Additionally, employing
computational fluid dynamics (CFD) simulations in conjunction with the Method of Characteristics
(MOC) to develop hybrid models is a promising direction. Such models could leverage the
strengths of both approaches, leading to more precise and efficient simulation tools for predicting
complex fluid behaviors.

Experimental validation of these advanced models in large-scale or industrial applications would
provide valuable insights and practical benefits, ultimately contributing to advancements in fluid
dynamics research and engineering solutions. By integrating precise measurement techniques, the
application of MOC, and innovative valve designs, this research significantly contributes to the field
of fluid dynamics.

The findings will not only validate the effectiveness of the MOC in predicting fluid behavior but also
improve experimental methodologies. Ultimately, this work aims to advance both the theoretical
understanding and practical applications of fluid dynamics, paving the way for future innovations
and developments in the field.
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