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Abstract

Water hammer phenomenon involves the transformation of Kinetic energy in pressure energy,
this transformation occurs as the fluid conditions change inside the pipe in quite a short time. In-
dustry requires to affront frequent flow interruptions in pipe systems due to the closing of valves
or stopping of pumping equipment. This phenomenon can initiate serious damages like destruc-
tion of the pipe system involving leakage of the working fluid to the environment. If the system
operates in a fragile environment, as in cold regions, concern about the consequences of leakage
increases due to the variation of physical properties of fluid as well as the pipe material as a func-
tion of the temperature. Water hammer effects can be controlled focusing efforts on reducing the
pressure increment that takes place once the phenomenon is presented. Some methods try to re-
duce the time of closure or the rate of change before the closure using special valves, others install
additional elements to absorb the pressure surge and dissipate energy, others install relief valves
to release the pressure, and others try to split the problem is smaller sections by installing check
valves with dashpot or non-return valves. Splitting the pipeline into shorter sections is often used
to help preventing the pipeline length of water falling back after a pump stops. In this paper the
numerical results of maximum and minimum pressure values at both ends of a closed section are
compared to experimental data. The numerical results follow the experimental trends.
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1. Introduction

In theory the water hammer process involves the transformation ofckéregigy in pressure energy, this s-an
formation occurs as the fluid condition is changing inside the ipiguite a short time. The pressure appears as
a pressure wave that is moving inside the pipe from location wheralye was suddenly opened or closed
toward the downstream and also tupam that location [1]. The time that this wave needs to reach the other end
of the pipe is related with the length and the sound speed in the mediuenvedith that usually is considered
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constant.

Water hammer effects can be controlled focusing efforteeducing the magnitude of the pressure increment
that can take place once the phenomenon is presented. Some of the methodednyatee the time of closure
or reduce the rate of change before the closure through proper valve closufaithtetow-closing valves),
others try to reduce the flow in the system (establishing the flow kom# &pecific system), others install add
tional elements as accumulators or similar to absorb the pressure surgesgratedenergy (surge chambers or
diaphragm anks), others install relief valves to release the pressure, othdieshdhe original system using
bypass sections [2] and others focused on splitting the problem is sseaifiems (installation of check valves
with dashpot or nometurn valves). Spting the pipeline into different sections as far as the water hammer is
concern is often used on steeply rising pumping mains. They help ptheepipeline length of water falling
back onto the pump check valve following pump stoppage.

Managing of fequent interruptions in the flow in a pipe is a really common situation in dlustity and for
single flow this phenomenon has been widely studied and named the Mdaterer phenomenon. These mte
ruptions generate abrupt changes in current flow, changes in speed afatdheranges in the pressure inside
the process pipe. Often this phenomenon appears between two processeg animsner line due to the slo
ing of valves or stopping of pumping equipment. Due to the relevance ofdghtveeeffects of this phenan
non assessment efforts are concentrated not only on the reduction of thebeffedt® to determine the rali
bility level of those systems [3]. In this paper, the experimentaltsesf a closed pipe section by action of
pneumatic valvat the beginning and the end of the test section will be presented andetiscus

2. Water Hammer Characteristic Parameters

Pipes installed in water supply systems, irrigation networks, pgaver stations and industrial plants agee r
quired to fulfil some requirements of reliability, safety and economicafdiions. Current hydraulic systems
operate over a broad range of operating regimes across their lifetimegirigwchanges in flow velocity, as well
as, the induced changes in pressure.

Selection of he appropriate means to reduce the effect of a water hammer phenomena ae@hglsena-
tive possibilities is a very crucial factor to determine the reliably of a pgtersy The final choice will fulfil in
the best possible way the corresponding megpénts of the specific system studied. The identification of the
links between the different stages of the phenomenon, starting/magr@dinishing can be expressed in g-co
nitive way as well through mathematical tools used to develop the edquatalations.

Transient calculation through the Methods of Characteristics (MOC) is basi@ fact that the generabm
mentum balance equation can be simplified along the direction of flow, amdotteea unidirectional differe
tial equation must be solvedstead of a differential equation system [4]. After the physics are apihledp-
mentum balance equation for a transient system looks like the fornauia &ty Equatior{1):

:d_vii%_k
* dt pcdt

Mathematicakesolution method introduces a discretization scheme that splits the miilesgjuation into a
system of linear equations for the variables: pressure and flow veaig configuration that contains threz p
sitions “P”, “A” and “B” close each other dag the time of the resolution [4]. The final set of equations allows
the resolution of a real complex problem by Equati@snd(3):

HP:HA_Bl(QP'QA)_RQP|QA| 2)

Hp =H+B'(Qp-Qp) — RQp | Qg (3)

where: H is the energy at position “P”, HA is the energy at position “Ag,i$ithe energy at position “B”, Qs
the flow at position “P”, Qs the flow at position “A”, Q is the flow at position “B” and R is the loss caeiffnt.

To present the ressltin a standard way, it is really important to establish some refereacgitgs, as for
example the reference timgy,twhich is defined as the time needed to travel a distance equal to the letingth of
pipe, L; with a constant velocity equal to tfheoretical pressure wave velocity, named celerity, ¢, as it can be
seen in Equatio(¥).

Vv
L gsen(€)+W (1)
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The celerity of the pressure wave is related to the properties of the fluidllessvthe properties of the pipe
material, due to the interaction between these variables in the transient pwitdebstogether will determine
the elasticity of the systeas shown by Equatiof®):

c=(K/p)/(L+(KD)/(K '€)) (5)

where t,, is the reference timel is the length of the pipe,is the celerity of the wave,is the density, K is
the fluid elasticity modulu is the pipe material elasticity modulu3,s the inner pipe diameteg,is the pipe
wall thicknessy is the velocityp is the pressurey is the gravity acceleratiof,is the angle of inclination dhe
pipe segmentf is the friction factor and B’ is the local loss coefficient of the segment. Itpsriant to higp-
light the fact that fluid properties as well as pipe material propertiea &unction of the temperature, so if the
system temperatughanges then the celerity will also change.

3. Experiments and Experimental Facility

The Mechanical Energy Conversion Laboratory at the Simon Bolivar Uitiv¢tsABCEM-USB), Caracas,
Venezuela, have developed a system able to perform measurements aftt@esgure behaviour inside a pipe
system. The transient condition simulated during the experiment toaosithe abruptly closing of valveslfo
lowing different configurations. This facility, of approximately 56, is housed inside the laboratory lding
of 800 nf, accessible to students, professors and researchers at different levasisatRchepresentation of the
test facility together with a picture showing part of the internal lab faciliiegpeesented dtigure 1 h static
and dynamic pressure, before and after an imminent closing of the valves steredgn addition to there
perature and flows.

A pneumatic system is connected to a manifold that feeds the soleeés in order to guarantee the same
air pressue at both locations of the valves when closing.

Test Section

The testing section consists mainly of a pipe of “U” shape orientatbdawiorizontal plane parallel to the floor,
where two straight parts are delimited by a valve at both ends. The pipes sedtion are mostly transparent
polyvinyl chloride (PVC) of 24.5 mm nominal diameter. At both ends of thestlipe there is a development
length of 1350 mm (53 diameterg)isplay sections located between two valves are 3850 mm long (151 times
the dianeter) in which it can be appreciated fully developed pattern monophasic asiiflow. Finally the
dimension of the curved section is 1500 mm (59 times the diameter) eEgshsan be observedRigure 2.

Depending of the closing valve configuratiselected the system simulated an encapsulated pipe section of a
typical water hammer situation [5]. The selected configuration wassmnding to both valves closed in a time
equal to @4 s.

=N
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Figure 1. Versatile twephase flow facility for transidrstudies in pipes of LABCEMUSB.
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Figure 2. Test section indicating the location of the instrumentafdmensions in [mm].

4. Encapsulate Flow

Sectioning of pipeline throughout the installations of several valves alengigkline is quite commof.his
sectioning can be done by control valves or-aag valves that will avoid reverse flow in rising sectiong-pr
tect some mechanical elements like pumps presented on the pipeline grallowlconnection or disconoe
tion in different locations. Whedlosing happens the flow inside that section limited by both vallésxpe-
rience a water hammer phenomenon of the section in question in an indepemgd&onwthe rest of the system.
This sectioning can be presented in horizontal as well verticensgs The initial understanding of this phen
menon can be carried out in absence of the gravity effect on the system.

In this work specifically the test section corresponds to a horizontabrsdichited by two controlled valves
operated at the same time.

5. Results
5.1. Numerical Data from MOC

The numerical calculation covers a typical case of a tank connected to a pipeline fimiahedve but having
the same pressure loss along the length, including friction lossesllaswthe local losses preseditin the se-
tion. Maximum and minimum pressure dimensionless values at bottobtadeed for the numerical model of
the test section are presented able 1. As expected the maximum pressure value at the downstream énd (ou
let) of the test section is larger than the maximum pressure of the upstreamlethdT(his can be explained by
the fact that the transport of the pressure wave inside the pipe, in thébitgke place at the same velocity,
however, the fact that the valVocated at the inlet position is also closing down stops the constantreragsu
plied by the tank or pump located before the studied section.

The magnitude differences between the maximum over pressure and vaessore also can be related to
this fact, because the wave will move in the same direction as the flow created by aletiger area after the
inlet valve.

The model includes the equivalent losses in the system through onlgthemsm of friction. This assym
tion implies that the lossese linearly distributed along the pipe. No dependency of the results anrtieers
of elements used was checked. The values to establish the celerithethe material properties of the PVC

pipes.

5.2. Experimental Data

Experimental data reported is focused on the pressure variable at diffeatitris in the test section and both
steady state and transient conditidable 2 shows the steady state initial condition of the experim&igsLr e
3 presents recorded maximum and minimum pressure achieved at both endesif sketion. Also dimension
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Figure 3. Maximumoverpressure and vacuum pressure at both ends of the test section.

Table 1. Numerical relative maximurand minimum pressure at the beginning and end of the test section.

Steady state conditions Steady state conditions
Flow [I/h]
Pmaxiinlelplnlel ['] Pminiinle{Pinlet ['] Pmaxﬁoutlelpinlet ['] Pminioutle(Pinlet [']
2200 185 -1.72 198 —0.98
3900 123 -192 231 -1.24

Table 2. Flow and pressure test conditions.

Steady state conditions

Flow [l/h]
Hnlet [p5|] Poutlet [p5|]
2200 34 256
3900 320 24.0

less pressure increments and decrements of the pressure at the inletetridaatithn. The reference quantity
used to the applied dimensionless definition was the pressure at thedat&ir (maximum pressure in steady
state conditions) are presentad able 3.

The data shown ifiable 3 refers to the inlet pressure as the maximum pressure in the section at steady st
condition. The differences between the theoretical and the experimental datscaiebt to several aspects of
the fact that the model for celerity assumption is that the propertiethiahdess of the walls are kept constant
along the pipe length or the model of the valve closing does not repeesemately enough the actual vave
operation. It is known that the pressure pick value is inversely propairto the closing time, as well as-d
pending on the type of closing low followed by the valve [6]. Numericalteesbtained by modelling the test
section overestimate the actwallues for pressure variation, however the calculation reflltsv the same
trends as the experimental data.

6. Conclusion

The main conclusions from this work, demonstrate the model using MwGdrees the situation of having a
section limited by twovalves at the corresponding ends of the test section. From the resaltsbie observed
that the maximum increment in pressure is located at the downstreationoaf the test section (outlet) nmea
while the minimum pressure is located at the upstreaatitm (inlet) of the test section. The vacuum level
when compared to the initial pressure in steady state is larger than theeincpgassure when compared to the
same parameter. Further studies are needed to complete the parametric siisgghefibrenon.
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Table 3. Experimental relative maximum and minimum pressure at the beginnirgndnaf the test section.

Inlet location Outlet location
Flow [I/h]
Pmaxiinle(Pinlet ['] Pminiinle{Pinlet ['] Pmaxﬁoutlelpinlet ['] Pm\nioullelplnlel [']
2200 122 -1.72 126 -041
3900 0.94 -1.69 138 -0.94
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