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WATER HAMMER (WH) EVENTS are involved in pipelines when the flow is disturbed
by any reason changing its velocity, which produces pressure variations and elastic
waves propagating in liquid along a pipeline at the acoustic wave-speed. These phe-
nomena stay more complex if dynamic fluid-structure interaction takes place. More
dangerous scenarios may happen in the case of liquid cavitation, which appears when
the instantaneous local pressure drops down to the level of the liquid vapor pressure.
Bubbles of vapor are created, which can be distributed in specific areas of pipes (dis-
tributed cavitation) or may form one larger vapor space between two parts of water
column (column separation = CS). In the paper analyses of CS effects are presented
based upon experiments performed in the laboratory of the Institute of Fluid-Flow
Machinery. Water hammer runs in a copper pipeline fixed to the foundation with
elastic supports were generated while pressure oscillations and pipeline vibrations
were being measured. For certain initial and boundary conditions CS effects were
observed. Analyses of these events were performed for varying initial conditions and
support stiffness. The general conclusion is that, more elastic pipeline fixing allows
to reduce CS behaviors, more effectively. Further discussion and conclusions are also
presented, specifically on WH energy dissipation effects.
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1. Introduction

WATER HAMMER (WH) PHENOMENA use to happen in various scenarios and
they may produce significant disturbances in a pipe flow system [1, [2]. They
can be involved in pipelines when a steady flow is disturbed (accelerated, slowed
down or stopped) and two-way energy transfers from kinetic into elastic potential
energy of weakly compressible liquid appear. These behaviors may involve large
pressure variations and elastic waves propagating in the liquid along the pipeline
at the acoustic wave-speed c. In the simple case of a sudden change in velocity Awv
the resulting pressure variation Ap, is determined by a formula known as the
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Joukovsky equation, in which p is the liquid density:
(1.1) Ap = —pcAv.

One can see this is the same dependence as that one between the pressure
and velocity at a fluid particle in an acoustic plane wave. This is because WH
is an acoustic wave propagating in a specific medium of liquid contained in
a pipeline [3|. Therefore, the WH wave-speed c is given with a slightly modified
formula, which takes into account the elasticity of pipe walls |1}, 4]:

K 1/2 KD —1/2

In the aforementioned equation K is a bulk modulus of the liquid, E is pipe
material Young modulus, D and e are, respectively, the diameter of the pipe and
thickness of its walls. The coefficient ¢ is usually (for a thin-walled pipe) slightly
less than unity and for the current scenario it is assumed as ¢ = 1 — 2, where
p is the pipe material Poisson ratio |1} |5].

Water hammer events can be especially dangerous in large pipeline installa-
tions such as penstocks at hydroelectric power stations where serious accidents
were reported in the past and therefore, effective modeling of possible tran-
sients is important [5-7]. One of the causes of WH severity are circumferential
pipe stresses o., which are the result of pressure increases. For a thin-walled pipe
they can be determined as 0. = pD/2e, where the ratio D /e for large hydropower
penstocks can be greater than 200. Even if no significant damage can happen to
the hydraulic system, perturbations in its functioning and other disadvantages
may arise during transients because of these stresses, as well as vibration, noise,
variation of pressure or cavitation. Therefore, various countermeasures are usu-
ally taken in such cases |2, |8, 9]. All these behaviors can be still more complex
if the pipeline system is significantly elastic and dynamic fluid-structure inter-
action (FSI) takes place, as WH energy can then flow between liquid and the
structure. WH-FSI phenomena have been of scientific interests for over sixty
years and existing models |4, [10-12| have allowed us to explain specific transient
behaviors much better than the classic WH theory |1} 2].

Considerations regarding dynamic FSI also produces greater possibilities of
energy losses modeling because it can be dissipated in liquid as well as in the
structure [13|. In general, the basic type of losses accounted within the WH
phenomenon is friction between viscous liquid and the pipe walls. Though many
unsteady models of this behavior are developed, proposed and verified |14-17] the
quasi-steady one is also frequently used, especially because of its simplicity and
the fact that these losses are usually not large and, therefore, not so significant
within initial moments of time, when WH loads are the most dangerous. Pipe
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wall friction stresses for the quasi-steady model are determined with the following
equation:

(1.3) Ts = /\p—(v—w)h) —w|)
8

where w is the velocity of pipe section (thus v — w is a relative liquid velocity)
and \ is the resistance factor appearing in the Darcy—Weisbach equation [18§].
Local hydraulic friction plays usually a smaller role and pressure losses at cer-
tain junctions such as bends, valves or pipe reductions are determined with the
local friction factor ¢ and a quasi-steady formula Ap = (p(v — w)|v — w|/2. On
the other hand, energy can be dissipated in the vibrating structure. The most
frequent phenomenon considered by various authors are structural losses in pipe
material modeled usually with viscoelastic behavior of the structure [19, [20].
Local structural losses can be also produced in various ways |9} [21-23|, however,
a significantly important one seems to be energy dissipation at elastic pipeline
supports with damping properties |12} [24} 25].

Another important effect within WH events can be cavitation and column
separation (CS) behaviors, which are the result of significantly large pressure
drops that may happen in hydraulic systems |1, 2, 26-32|. These phenomena
may produce various negative effects such as cavitation erosion, increased noise
and vibration, lack of hydraulic system efficiency or others [33, 34]. In certain
scenarios of CS even the pipe collapse may happen [9,35]. These effects stay more
complex if dynamic FSI is significant, however, there are not too many experi-
mental results of investigations within these problems |4} |36-38|. In the current
study the analysis of column separation effects during water hammer events was
developed and discussed based on experimental results of transients measured
at a pipeline built in the Institute of Fluid Flow Machinery (IMP PAN) labora-
tory. The pipeline was fixed to the foundation with elastic supports of varying
stiffness and water hammer runs were generated for various initial conditions
(IC). Due to the pipeline supporting system dynamical FSI played an impor-
tant role in these experiments. For some of the measured records cavitation and
column separation effects were observed. Analyses of these events, specifically
towards their severity and its reduction rate, are developed in the paper, using
various methods and conclusions are formulated.

2. Water hammer models and basic behaviors

2.1. Water hammer with fluid structure interaction

The classic WH theory is modeled for a straight pipe reach with two
hyperbolic partial differential equations (PDEs) of the first order that describe
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the liquid flow — continuity and momentum. If dynamic FSI is accounted, the
basic, one-dimensional (1D) model is governed by four PDE and, therefore,
it is usually referred to as the four equation (4E) model of WH-FSI. Beside
two equations for the liquid, another two ones govern the pipe motion |4} 12]. The
equations for liquid flow are as follows:

(2.1) ov 10p . 47, ov 1 Jp 5 ow
. — 4+ —— = —gsina— — — 4 ——= =2u—.
ot  pox g pD’ oxr = pct ot Fow
The pipe movement is governed by:
0 10 0 1 0 Do
(2.2) —w———az—gsina—k T , S EAA et
ot ps Oz eps dxr  psc? Ot 2Fe Ot

In these equations z and t are standard independent variables of position mea-
sured along the pipe and time, ps is a density of pipe material, o are longitu-
dinal pipe stresses and c; is velocity of longitudinal elastic waves in pipe walls
(2 = E/ps). One can see, that both groups of equations are coupled due to
friction terms proportional to 75 and dependent on both velocities v and w as
it is stated in Eq. . The second coupling mechanism is the Poisson effect
which is produced by terms proportional to the Poison ratio u. These couplings
are more clearly visible after a specific transformation of the governing equa-
tions, which also allows us easily to draw conclusions about their general solu-
tions [12]. They are two coupled waves — a WH and a structural one (it is also
known as precursor because of the higher propagation wave-speed). The cou-
pling between these waves can be noticed at pressure records where oscillations
of higher frequency can be observed as superimposed on the main WH wave.
A complex pipeline is modeled as a collection of several straight pipes connected
at junctions where proper boundary conditions (BC) should be defined. Movable
junctions are an important FSI factor as they may produce the third coupling
mechanism between fluid and the structure known as junction coupling. A spe-
cific BC important also for energy dissipation effects is valid at a node where
the pipeline is fixed to the foundation with a viscoelastic support. The boundary
condition in such a case can be formulated with an adequate differential equa-
tion of junction motion solved numerically concurrently with the main governing
equations. This way it can be simulated how the energy is dissipated due to this
effect [12].

The basic 4E model is relatively simple, however, it is quite effective and
frequently used. Much more complex is the standard model which consists
of fourteen equations — additional two for the pipe torsional motion and twice by
four equations for lateral movement of the pipe in two perpendicular planes (pipe
with water is modeled as a Timoshenko beam) |4} |10]. If viscoelastic effects are
to be considered, additional terms are introduced into the governing equations.
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2.2. Cavitation and column separation

In specific WH scenarios more complex behaviors may appear when the pres-
sure drops significantly to the level of the vapor pressure of the liquid. Bubbles of
vapor are created then, which can be distributed within a certain liquid volume
or collected in a larger space forming one bigger vapor cavity separating two
columns of water. The former type of two phase flow is known as distributed
cavitation, the latter phenomenon — column separation (CS) effect and it may
also appear at pipeline ends. For a temperature of 20°C the saturated vapor
pressure of water is p, = 2.34kPa, so it is quite small (about 2% of 1 atm).
Another type is gaseous cavitation which may also happen at a certain low pres-
sure, when gasses dissolved in water are released. However, this effect is usually
of less importance for our analyses, mainly because it is a much slower process
and can be minimized by reducing the amount of free gasses.

Cavitation is known to produce various disadvantages for hydraulic systems
such as vibration and noise, cavitation erosion, lack of hydraulic system efficiency,
etc. Distributed cavitation results also in changes of the elastic wave propagation
velocity in such a liquid-gas mixture. Still more complex behaviors may appear
when CS events are involved. One of the most dangerous one is the pipe collapse
caused by atmospheric overpressure. It may seem slightly unexpected as pipes
are usually resistant to high inside pressures however, outside overpressure may
lead to a loss of pipe stability and its destruction as a result of collapse can be
much easier. This problem can be analyzed within different aspects |35 and
one of typical results of stability loss of a thin-walled, long, circular tube due
to uniform outside overpressure can be found in the following form [39]:

2F e\3
2 - 2 ()
(2.3) DPerit 1-2\D

One can calculate, that for a steel pipeline and outside pressure of 1atm with
vapor pressure p, inside, the stability is lost at D /e = 166, which is not such a big
value if we consider geometries of large penstocks. Obviously, such pipelines have
usually additional reinforcements formed as special ribbings fixed tightly around
it and repeated equally at adequate separations. Besides, dedicated procedures
for safe exploitation of such structures are usually applied. However, one can
see that unexpected CS events can be dangerous. Another effect involved by CS
happens when the vapor cavities are collapsed. Secondary WH actions of very
steep (and possibly larger) pressure jumps are generated then due to collisions
of two water columns during collapse |27, 29, |40]. These effects may also involve
additional noise and vibration especially if dynamic FSI is significant.

A simplified model of the WH cycle and CS creation is illustrated in Fig. []]
where it is presented based on the assumptions of no pipe wall friction and no
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Fic. 1. A scheme of WH wave propagation and pressure records near the valve for a case
with and without column separation: (a) decompression at the third quarter of WH cycle;
(b) the same phase for column separation conditions, po < Ap.

dynamic FSI (the pipe is quasi-rigid). In such a case after sudden closure of
the valve during a steady flow of velocity vy driven by a constant pressure pg
produced by the vessel, the WH phenomenon is excited. The pressure run at the
valve versus time forms a rectangular record of an amplitude given with formula
oscillating around the static value pg. A front of the compression pressure
wave is traveling towards the vessel at the first quarter of the cycle, then it reflects
and travels back. At the third (Fig. and fourth quarters the scenario is
repeated, but with the decompression wave. Finally, the pressure oscillates with
frequency fwn = ¢/4L which is the basic WH frequency fwnu = fo, while all the
harmonic components have their frequencies being odd multiplies of this basic
one [23]. However, this behavior is different if the value of the Joukovsky pressure
drop Ap, given with Eq. is larger than the static pressure pg. Then, at the
third quarter of the cycle presented in Fig. it cannot drop to the value
po — Ap because it is negative. So it drops to zero or in fact to the level near
the saturated vapor pressure p, and this drop is not Ap, but Ap; = pg — po.
Therefore, the backward liquid flow is not stopped but only reduced to the value
v1 which can be estimated with the following relation [27]:

A _
(2.4) v1 = vg — Ay, where Avy = 2p_ P pv.
pc pe
In such a case the liquid detaches from the valve, a cavity is formed near it and
begins to grow, becoming larger and allowing to be filled with vapor. This cavity

exists for a time longer than 2L /c required for the compression wave to be back.

2.3. Column separation severity estimation

A thorough historical overview of research as well as explanations and dis-
cussion on column separation phenomenon during water hammer can be found
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in |27]. It is also discussed in classical textbooks on water hammer [1]. Basic
modeling method (Discrete Vapor Cavity Model = DVCM) is based on the as-
sumption that at certain sections, where pressure drops to the vapor one, there
is a fixed condition of constant pressure and the size of the bubble is calculated
according to the inflow and outflow to this section. If finally, the cavity dis-
appears the pressure rise is given with the Joukovsky equation according
to relative velocities of adjoining water columns. Particular implementations of
DVCM, as well as other models are developed and proposed by various scien-
tists |27), 28, 41, 42|, however, they are not discussed in this study.

In many applications the time duration of the first vapor cavity can be used as
a measure of CS severity estimation. The analysis of this parameter for a simple
model of WH with CS has allowed us to propose the following approximate
formula for this time Tes1 |1} 27]:

Ap%

2. Tcs =
(2:5) ' Apy ¢

Thus, it can be estimated that for p, < pg this time is Tes1 ~ 2Lpvg/po. In fact,
for various complex cases of pipe flow hydraulic systems this time can be slightly
different, which may be dependent on various factors. In the current study we
assume the true time duration T.s can be expressed in relation to the theoretical
value proposed above. Currently, the reason of some bias between the true and
theoretical duration times can be FSI effects in a pipeline fixed with elastic
supports. Therefore, we express the true duration time T in the following way:

(2.6) Tes = BTes1.

Values of the parameter 8 for the current experimental results are determined
and discussed in the following sections. On the basis of the first vapor cavity
duration time, Martin proposed [27, 43| the cavitation severity index S, to be
defined by a comparison of this time to 2L /¢, which is doubled time of traveling
the wave along the pipeline:

TC S

(2.7) =300

We can see, if Tos = Tos1 then S = Ap/Ap;. In fact, this value can be assumed
as a theoretical severity index S:
-~ A
(2.8) §=2=L
Apy
Other authors proposed also somewhat different severity indexes however, in this
paper we use that one given with Eq. (2.7)). Its comparison with the theoretical
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value S is also exploited. The CS phenomenon can be also characterized by other
specific features. One of them are secondary WH pulses involved when water
columns are joined while the vapor cavity collapses. This effect produces a very
steep pressure jump. In specific conditions its theoretical height can be even
larger than the initial Joukovsky pulse , . However, in real systems,
when various dissipation effects happen, the subsequent pressure amplitudes get
lower. This is the result of various factors and some of them are specific to
CS behaviors, which can be associated with irreversible thermodynamic phase
transitions or increased friction of complex origin , . Besides, energy
is also dissipated due to the increased level of generated noise and vibrations,
which is particularly important in the case of strong FSI.

3. Experimental measurements
3.1. Laboratory pipeline

The experimental pipeline, fixed to the foundation with various types of
elastic supports, was designed and built in the IMP PAN laboratory and ded-
icated to investigations of FSI influence on water hammer. In fact, WH runs
without CS effects were mostly of importance however, additional experiments
with CS effects were also performed. Various variables describing the motion and
behavior of the system were acquired. Currently pressures measured at four po-
sitions along the pipeline and vibrations at three places are of the main interest.
For pressure measurements Keller PA-25 transducers were used. A partial view
and a general scheme of the test rig are presented in Fig. 2] A copper, mea-

to/from pump

—
2
za
o pressure
6 copper pipeline 5 vessel
Z Z
13 P2 DB pa
-/- DC
3 1
14 15
7 DA
P3 ’ y
to downstream ~ iy y
tank
shut-off
-— valve

(b)

FiG. 2. A view of the copper pipeline (a) and a general scheme of the test bench with the
measurement pipeline (b) . Selected transducers are marked as: DA, DB — accelerometers;
DC — displacement sensors; P1, P2, P3, P4 — pressure gauges.
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surement pipeline of a total length of L = 58.7 m, inner diameter D = 20 mm
and pipe-wall thickness e = 1 mm consisted of several straight pipe reaches
joined with knees. It was fixed to the foundation with N = 25 elastic supports
and two rigid mountings at both pipeline ends. Four types of elastic supports
FS2, FS3, FS4, FSR, which are presented in Fig. [3] made as steel flat springs,
were used in measurements. Their flexibility coefficients in the vertical direction
were determined to be: 2.1 mm/N (FS2), 0.34 mm/N (FS3), 0.085 mm/N (FS4)
and 0.88 mm/kN (FSR) [11]. Extended investigations with different methods
have allowed us to find slightly different values for some of these parameters
[mm/N]: 2.0 for FS2, 0.35 for FS3, 0.088 for FS4. This information allows the
reader to judge the rigidity of the whole system because for a detailed modeling
the overall stiffness (flexibility) matrix of all supports should be required. This
problem is discussed in a more detailed way in [45]. Due to the currently ana-
lyzed configuration of supports, mounting systems with their various types are
denoted as L2, 1.3, L4 and LR. The general description, range of measurements
and tests performed are included in the previous paper [11] and also in internal
reports of the IMP PAN (not published), where the detailed geometry and de-
scription of the pipeline is presented. The most important, general information
is also specified in this document. Elastic supports were situated close to each
bend except for #1 and #15 ones, where no supports were provided. At bend #2
support FSR was used permanently, the others 24 were exchanged. They were
spaced along the pipeline with similar separations between neighboring supports
equal usually of about 2.4 m. The longest pipe reach of the length about 9.9m
was between bends #5 and #6. Two pipe reaches were neither horizontal nor
vertical. Inclination versus horizon of the pipe reach between bends #3 and #4
was 4.4° and between bends #10 and #11, it was 45.4°. In experiments ordinary
tap water was used, however, it was deaerated by leaving it calm for at least two
days in the downstream reservoir after filling.

(a) FS2 (b) FS3 ‘(é) FS4 (d) FSR

FiG. 3. Steel flat springs used for supporting the pipeline .
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The initial steady flow of velocity vg was driven by the pressure vessel of
constant pressure pg. WH events were excited by fast (within 5msec) closure
of the shut-off valve (see Fig. driven by a special mechanism. A photo of
the main valve, its driving mechanism as well as the pressure acquisition system
with an elastic hose from the pipe to the pressure gauge are presented in Fig. [4]
The transducer (P1) is fixed to the foundation with elastic arrangement to pro-
tect it from vibration of the structure. It is not visible here, however, another
pressure gauge (P2) can be barely noticed at the picture (the left upper cor-
ner) in Fig. . When longer closure times were required they were executed
just by a hand (a handle was used instead of driving mechanism). Therefore,
they were not perfectly repeatable, however, their closing times were longer,
equal approximately to 35ms (£5ms). The initial flow velocity was measured
with ultrasonic flow meter and also controlled by the volumetric flow meter
presented in Fig. [l Various physical variables describing the system motion
were measured and digitally acquired. Firstly, the results were acquired within
a frequency band up to 5kHz sampled with 10 kHz. However, finally they were
usually analyzed in a resampled form, digitally filtered down to a band up to
1kHz and sampled with 2kHz. In this study pressures and vibration are of in-
terest, thus positions of these transducers are revealed in Fig. [2| and presented
in Table (1l They are expressed in a relative form as z/L, where x [m] is a true
position measured from the pipeline beginning (x = 0 at the vessel). Vibrations
were measured with accelerometers at DA (B&K 4371) and DB (PCB 357B03)
or eddy current displacement sensors type MDS10/MDT10 at DC. The nodes
with accelerometers were situated in the middle between two neighboring sup-
ports and DC node was close to a support. At each node three coordinates of
vibrations were measured, Ox — along the current pipe, Oy — along a horizon-
tal axis perpendicular to it and 0z — along an axis lying at the vertical plane.

\$
| rve
":

h Ak

"~ Main ball Control
Pressure valve flow meter

acqusition

B
. o]

Fi1Gc. 4. A view of the pipeline end with shut-off valve, its driving mechanism and pressure
acquisition arrangement with an elastic hose (the transducer is invisible).
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TABLE 1. Positions of pressure (P) and vibration (D) transducers |13].

Transducer P1 P2 P3 P4 DA | DB | DC
Position /L |0.998 | 0.775|0.574 | 0.228 | 0.645 | 0.316 | 0.184

3.2. Measurement data for analysis

Many measurements were performed at the laboratory stand. Main investi-
gations were devoted to analysis of WH runs for various elastic supports and
initial conditions. Two nominal values of static pressures py were applied — the
lower was pg = 0.72 MPa and the higher one pg = 1.12 MPa which were denoted
correspondingly as “N” and “W”. For each of them initial velocities of stationary
flow vy was varied up to 2.0m/s. Currently values greater than vy = 0.5m/s
are of interest because for smaller ones no CS effects were possible. In fact, the
limiting value of this velocity was vg = 0.7m/s as it is shown in Table |2| where
Joukovsky pressure amplitudes Ap are presented for various velocities of an ini-
tial flow. These values were calculated with Eq. , where the wave-speed of
the WH wave for the current pipeline, calculated with Eq. is ¢ = 1280 m/s.
We can see that for W07 conditions (pp = 1.12MPa and vp = 0.7m/s) there
should be no CS effects as Ap < py but for conditions NO7 (py = 0.72 MPa
and vg = 0.7m/s) CS effects should happen, similarly as for all higher val-
ues of vy. The strongest effect is expected for conditions N20 (py = 0.72 MPa,
vop = 2.0m/s). The values of theoretical severity indexes S are also presented
in the table. They are calculated with Eq. which can be approximated as
S ~ Ap/po, for lower (N) and higher (W) static pressures py.

TABLE 2. Pressure amplitudes Ap and theoretical severity indices S for varying velocities vo.

vo [m/s] | 0.5 [ 0.7 1.0 14|20
Ap [MPa] [0.64 [0.90 [ 1.28 | 1.79 | 2.56
Sw — | - |1.15]1.61|2.31
SN - |1.25/1.78(2.49 | 3.56

3.3. Pressure records without column separation

Prior to analysis of CS records some examples of pressures measured along
the pipeline for no CS runs are presented and shortly discussed. In Fig. [5| two
records, acquired at the valve with the transducer P1 for elastic supports L2,
LR and conditions W07 are displayed. No CS effects are observed which is con-
sistent with Table |2l The main WH frequency is about fywwg = 5.4Hz and it
is slightly lower for less rigid supports and larger for the most rigid case LR,
which must be produced by coupling between pressure oscillations and vibration
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of the structure. These results are consistent with the theoretical value which
is fo = ¢/4L ~ 5.45Hz, thus the basic WH period is Ty = 1/fy ~ 183.5ms.
It can also be noticed that in the L2 record (Fig. the main mode is dom-
inant in comparison with higher components, while for the LR case they must
have larger amplitudes which can be concluded from the shape of initial oscil-
lations. Besides, at both runs high frequency (HF) oscillations superimposed on
the main WH wave can be noticed at the first few peaks which is the effect of fast
valve closure and generation of the transient response of the structure and FSI.
They are presented in a zoom-in form by stretching the time axis and presented
as details A and B. Their appearance and understanding can be explained with
the general form of solutions to the governing equations and which
show the influence of structural vibration on pressures by FSI couplings [12].

25

25 H H
detail A A detail B B
/
> h
= = 0.1s
o o
=) 2 15 ]
[ [
5 5
17 7]
17 n
o o 1+
o o
0.5 B
L2W07-P1 —— LRW07-P1 ——
detail Ax10 —— detail Bx10 ———
o . . f 0 . . i
0 1 2 3 4 0 1 2 3 4
Time [s] Time [s]

(a) (b)

F1a. 5. Pressures P1 (at the valve) for conditions W07 and supports stiffness L2 or LR.
Details A and B show HF oscillations at the first WH peaks stretched in time ten times.

An interesting observation discussed in previous works is that damping of
WH pressure amplitudes is stronger for less rigid supports |11} |13, |46|. Average
results of logarithmic damping decrements of the main oscillations calculated
with different methods for various support configurations were determined as
dL2 = 0.096, 613 = 0.086, dr4 = 0.083, éLg = 0.070. In the next Fig. [f] the results
of pressure runs at sensors P3 and P4 for the same conditions W07 are presented
for L4 supports. A shift of the initial pulse can be observed, which is a result of
the time necessary for the wavefront to travel from the valve to each sensor. The
HF disturbances are now weaker due to a larger distance from the valve. All the
presented plots indicate that WH in the current case is just a kind of standing
wave, determined by BC, of an amplitude reduced over time. The results observed
at sensor P4 allow to notice how the position influences amplitude changes of
various components.
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F1a. 6. Pressures at P3 [13] and P4 sensors for conditions W07 and L4 support configuration.

It can be found that these results differ significantly from the theoretical runs
presented in Fig. where no dynamic FSI and no liquid — pipe wall friction
were assumed. On the other hand, if the influence and modeling of liquid —
pipe wall friction without significant FSI is of interest, the analyses and results
presented at other works, e.g. |16] can be compared.

4. Measures of column separation severity

4.1. CS severity indices for various supports

In this section CS severity for WH runs is discussed. Severity indexes deter-
mined based on the first vapor cavity time duration, given with Eq. (2.7)) are
used. In Table [3]| selected parameters are calculated for various IC and support

TaBLE 3. CS severity indexes for various supports and WH strengths.

Nominal vo 1.0 [m/s] 1.4 [m/s] 2.0 [m/s] Nominal
Supports | L2 | L3 | L4 |[LR| L2 | L3 | L4 | LR | L2 | L3 | L4 | LR | pressure
po [MPa] |1.09]1.09|1.09 [1.10|1.05|1.05|1.05|1.07|0.98|0.98 | 0.99 | 1.00
vo [m/s] |1.00/0.99|1.01|1.00|1.41|1.39|1.42(1.39|2.05|2.03|1.99|2.02 1.12
Tes [ms] 73 | 76 | 81 | 86 | 106 | 107 | 110 | 110 | 156 | 161 | 161 | 170 | MPa
S 0.8010.83(0.8810.94(1.15[1.17|1.20|{1.20|1.70|1.75|1.75|1.85| “W~”
Jé] 0.6810.72|0.75|0.81 [ 0.67 | 0.69|0.69 [ 0.73 | 0.63 | 0.66 | 0.69 | 0.72
po [MPa] |0.69|0.69(0.69 |0.71|0.66 | 0.66 | 0.66 | 0.68 | 0.59 | 0.58 | 0.58 | 0.61
vo [m/s] |1.00/1.00(1.01|1.01|1.40|1.41|1.39|1.43|1.99|2.012.00 |2.03 0.72
Tes [ms] 115|122 | 127 | 129 | 169 | 178 | 181 | 187 | 241 | 252 | 257 | 263 MPa
S 1.25(1.33(1.381.41|1.84|1.94|1.97(2.04|2.63|2.75|2.80|2.86 “N”
B 0.7010.72|0.74|0.76 | 0.68 | 0.71|0.73 | 0.76 | 0.61 | 0.62 | 0.64 | 0.67
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stiffness. As CS effects are expected especially strong at the pipeline end, pres-
sures P1 are analyzed. Besides, detailed values of initial velocities v, are pre-
sented as they can slightly differ from the nominal ones. The static pressures
p) at the valve are also presented (rounded into two digits after the coma) as
they can be slightly different from the nominal “N” and “W” ones and also they
are lower due to friction losses along the pipeline which are larger for higher
velocities. Severity indices S were calculated with Eq. , where 2L/c was
assumed at 2L/c ~ 91.8 ms. Due to the earlier introduced definitions (see Sec-
tion we can also determine the dependence between the severity index S
and its theoretical value S with the following relation:

(4.1) S =48.
The coeflicients § for each event can be estimated in the following way:

(4.2) g5 S _ Pole
S pevy  2pLu

The main conclusion is that for increased support stiffness, CS effects are getting
stronger as their duration times are longer, which is presented in Table [3] How-
ever, it must be said that this dependence is not too strong as differences between
severity indexes for 1.2 and LR support configurations are usually of the rank of
10%. These results are illustrated in Fig. {7, where two cases of initial velocity
vo = 2m/s and lower static pressure “N” are presented — for supports L2 and
L4. We can observe the main regularity of longer vapor cavity duration for more
rigid supports is valid and it is also maintained for the second CS cycle. The coef-
ficients (3 indicate the rate of severity index reduction (lower 5 means smaller S,
thus larger reduction). We can observe they (5) are larger for more rigid sce-
narios and similar for various groups of IC (combinations pg, vg) with a slight

4

4

2N20 —— UaN20 ——

Pressure [MPa]
N

Pressure [MPa]
N

e I ol 4 [ | el | e err——— B
0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [s]

(b)

Fic. 7. WH with CS pressures at P1 for conditions N20 and support configuration L2 or L4.
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tendency to be smaller for larger velocity, especially for vy = 2.0m/s. A specific
effect is observed for W10 conditions, where severity indices S are smaller than
unity which may seem slightly unusual as we could expect Ts > 2L/c. However,
in fact the valid dependence is Teg1 > 2L/c and currently the theoretical severity
indexes are relatively small (conditions W10). Therefore their reduction involved
by elastic supports (5 coefficients) and FSI may result in S < 1. This is also an
effect produced by changes of the pressure wave shape which is not rectangu-
lar as for the theoretical case presented in Fig. [1l Alternatively, we can reduce
the influence of the WH waveform shape and estimate the time duration not
at the level p = p, but at p = p{. Then, severity indices for W10 would be
Sre = 0.98, Sp3 = 1.01, Spq = 1.02, Spg = 1.03.

4.2. Secondary WH actions after collapsing of vapor cavities

Another parameter which may characterize CS severity is the very steep
pressure jump after collapsing of vapor cavities. This behavior produces also
strong HF FSI effects visible at the pressure peaks as in Fig. []] We can observe
that this effect does not happen for the runs without CS as it is presented in
Fig. , where they exist only at the first peak being a result of fast valve closure
within 5 ms. In Fig. [8] these effects are presented explicitly showing two cases of
fast (Fig. [8(a)|) and slow (Fig. [8(b)) valve closures. The latter was executed just
with a human hand which took a time of about 35 ms. We can observe there
are no strong HF FSI effects, then. On the other hand, when CS events happen,
then HF FSI effects appear for subsequent peaks even if they are not present in
the first one. Besides, they are quite strong as the records in Fig. [9] show. Two
diagrams are presented of WH runs generated by hand valve closure for lower
static pressure N and flows of initial velocities vg = 1.4m/s or vg = 2.0m/s. It is
difficult to identify from these diagrams the time of pressure jump after collapse

T 25

L4w07-35ms

" L4W07-5ms

Pressure [MPa]
Pressure [MPa]

1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Time [s] Time [s]

(a) (b)

Fica. 8. WH runs for BC L4-WO07 produced by (a) fast (5ms), (b) slow (35ms) valve closure.
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I

'LaN14-35ms

'LaN20-35ms —

Pressure [MPa]

atmospheric

L
Pressure [MPa]

Time [s]

(a)

ressure

0.3 0.4
Time [s]

(b)

Fic. 9. WH runs for L4 BC, po = 0.72 MPa and time duration of valve closure 35 ms:
(a) vo = 1.4m/s, (b) vo =2.0m/s.

of the vapor cavity however, this time was determined from numerical data.
For the results presented in Fig. [ it was found that for N20 IC the pressure
jump from 8.3 kPa up to 3.0 MPa takes 2 ms while for N14 conditions the time
required for the pressure rise from 8.6 kPa up to 2.5 MPa is 2.5 ms. We can see it
is much faster than the time of valve closure. In fact, the times of pressure rise can
be expected to be dependent on initial velocities of water column, being shorter
when this velocity is larger, as the collision of water columns should be more
rapid then. However, a more detailed analysis shows, that this conclusion should
be verified, therefore more results were analyzed based on 10 kHz sampled data.
It was found that the times of initial pressure rise at the secondary WH events
were usually within 1.6 +2.4ms and no evident regularity was found for the
analyzed records. Therefore, the observed pressure response must be a combined
effect of steep pulse produced by water column collision and the HF structural
response with FSI.

4.3. Energy dissipation produced by column separation effects

Energy dissipation appearing due to CS phenomena can also be a specific
measure of their severity as this energy must involve certain outcomes. Some
amount of losses are surely transferred into heat within irreversible thermody-
namic phase transitions which happens during creation and collapsing of vapor
bubbles, but also within complex friction processes in the vapor-liquid mixture.
Additional dissipation appears surely in mechanical processes associated with
generation of sounds and vibration of the structure. This dissipated energy can
be determined by analysis and comparison of pressure amplitudes for various
runs at a certain time moment tg measured from the beginning of a WH event
(pressures at the valve are considered). For the current analysis this time is se-
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lected at tg = 3.8s and it is marked with a yellow vertical line at t = 4s at
the diagrams in Fig. The total initial energy of the system is mainly a ki-
netic energy of flowing water before closure of the valve, so it can be assumed
to be proportional to v%. Some input to this energy also comes from its other
forms (mainly elastic potential energy of the supports) thus, the coefficients of
proportionality can be slightly higher than M /2, where M is a total mass of wa-
ter in the pipeline. On the other hand, after valve closure and some additional
time required for the transient to be free of CS effects and stable of smoothly
lowering amplitudes we can expect this energy to be proportional to p2, where
Pe is a current pressure amplitude. This is because the system is linear (when
CS is over) and we can assume the energy is parted among its various types
(kinetic and elastic potential energy of water and the structure) with similar
rates, being proportional to any measure of its response in square. Due to re-
sults received in previous works , it can be expected that for no CS effects
the ratio pg /vy for the same supporting system is approximately the same for
various IC, being an effect of calculated logarithmic damping decrements found
(see Section . But if CS behaviors were present, this ratio is expected to be
smaller as a fraction of the energy would be lost within effects accompanying
the CS phenomenon.

35 ,
LaNTd ——
L4-W14 —
3 1
25| B,
g g
=3 = 2 1
° °
7 st —
8 8
o o
1 3
05 ]
o I atmospheric pressure
i . . . 0L pan s . . B
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time [s] Time [s]

(a) (b)

Fic. 10. WH runs for supports L4 and various initial conditions: (a) N10/W10,
(b) N14/W14.

In fact, for further analysis we can use, instead of vg the WH pressure pwy
corresponding to this value pwi = pcvg. Then, the new ratio p,/pwn = « is
non-dimensional. However, we have to remember this ratio (its square) does
not represent the relation between current and initial energies. This is because,
proportionality coefficients are different at the initial and the final state of the
system. In Table {4 coefficients o = p,/pwn for no CS effects (W05, W07, N05)
and their average values & for each support type are presented in the first four
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TABLE 4. Amplitude ratios a for WH events of various severity indices.

Supp. | a for no CS effects | a « for runs with CS

syst. | W05 | WO7 | NO5 | Mean | N20 | N14 | W20 | N10 | W14 | NO7 | W10
L2 ]0.392|0.324]0.426 | 0.380 | 0.236 | 0.216 | 0.222 | 0.283 | 0.286 | 0.350 | 0.287
L3 ]0.429|0.441]0.449 | 0.440 | 0.208 | 0.261 | 0.267 | 0.358 | 0.330 | 0.429 | 0.398
L4 ]0.484|0.485]0.516 | 0.495 | 0.259 | 0.270 | 0.277 | 0.348 | 0.353 | 0.431 | 0.436
LR |0.540|0.543|0.520 | 0.534 | 0.251 | 0.268 | 0.282 | 0.353 | 0.338 | 0.454 | 0.476
S - - - - 3.56 | 2.49 | 231 | 1.78 | 1.61 | 1.25 | 1.15

columns. The results of these ratios for CS runs, i.e. N07, N10, N14, N20, W10,
W14, W20 are presented in subsequent columns. They are ordered according to
descending values of the theoretical severity index of each run (calculated for
nominal pressures and velocities as in Table . We can see that all & = p,/pwn
ratios are lower than the average which is a correct behavior as CS effects pro-
duce additional energy losses, thus lower amplitudes. These ratios are also, in
general, lower for stronger CS effects as it could be expected. On the other
hand, for lower severity indexes they are closer to the mean values without CS.
It can also be noticed that for no CS they are similar for various runs and the
same support configuration. A bias exists only for the less rigid case L2 — the
ratios a = p,/pwn for the first three columns are more strongly varied (thus
the average can be erroneous). Besides (which is still unexpected), the ratio for
N20 is larger than for N14. These effects can be a result of small stiffness of
supports FS2 in comparison to the pipeline rigidity, which could produce some
non-repeatability or irregular, slow rocking of the pipeline structure in response
to WH loads.

5. Additional characteristics of column separation effects
5.1. Shock response spectrum of pressure runs

The shock response spectrum (SRS) method is a technique for severity deter-
mination of transients or shock loads in mechanical systems. SRS shows maximal
reaction of a simple oscillator exposed to a load, taken versus natural frequency of
this oscillator. Usually a small damping ratio is assumed and various responses
of the oscillator can be used. The application of this method to WH loads was
proposed in [46]. In Fig. two cases of shock spectra of pressure signal are
presented for WH runs with and without CS effects. They were received after
subtraction of the constant component pg. By comparing the runs with and
without CS effects it can be found that the former are especially stronger for
higher frequencies which is the effect of HF disturbances generated with the rapid
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Fi1a. 11. Shock response spectra of WH pressures with and without CS effects for various
supports: (a) L2; (b) LR.

pressure jump and FSI. However the SRS level for smaller frequencies, especially
the main resonance, is slightly lower, which must be an effect of cutting the
bottom, CS part of the pressure record. It can also be observed the SRS levels
are higher for the more rigid LR case (diagram [11(b)| versus|11(a)]).

5.2. Pipeline vibration

The severity of WH runs can be also determined based on analyses of pipeline
vibration. In Fig. lateral pipeline acceleration at the measuring section DB
and supports configuration L4, at Oy direction are presented for initial conditions
WO7 (diagram [12(a))) and N14 (diagram|12(b))) — the latter case has produced CS
effects. Vibrations are similar and proportional to initial flow velocities until the
first vapor cavity creation and especially its collapse, which is marked at the N14
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(a) (b)

F1a. 12. Lateral accelerations Oy at DB for L4 supports: (a) no CS, WO07; (b) CS, N14 IC.
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plot with a vertical blue line. Large vibrations are generated then because of the
mentioned earlier HF structural vibration produced by the rapid pressure rise.
In the next Fig. measured displacements along the pipe axis (0z direction) are
presented at the node DC. The vibration at both plots are proportional within
the initial time interval, which is physically clear, however, slight asymmetric
behavior appears after some time on the CS N14 plot (diagram , which
is surely produced by the vapor cavity formation. After collapsing of the vapor
bubble, stronger vibrations are generated due to a steep pressure rise and FSI.
These effects can be also observed in the next Fig. [I4] where vibration velocities
of the above motion are presented. The plots were received after numerical differ-
entiating of the former ones. One can notice that before vapor cavity formation
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Fi1a. 13. Longitudinal Oz displacement at DC, for LR supports: (a) no CS, W07 IC;
(b) CS, N14 IC. The moments of valve closure and cavity collapse are marked with vertical

red lines.
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Fic. 14. Longitudinal Oz vibration velocities at DC, for LR supports: (a) no CS, W07 IC;
(b) CS, N14 IC. The moments of valve closure and cavity collapse are marked with red
verticals.
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the records are similar and proportional to each other, however, a different pres-
sure course occurs after formation of the vapor cavity and still larger increase in
vibration velocities takes place as a result of the cavity collapse.

5.3. Column separation effects at other locations

For the analyses presented in this study pressure records acquired at P1 sen-
sor localized at the pipeline end (close to the valve) were used. This is physically
justified as column separation phenomena within such a pipeline structure as well
as initial and boundary conditions produce the strongest cavitation and finally
CS effects there. However, it can be interesting to compare pressure records mea-
sured at various places. In Fig. two pressure runs for IC W20 are presented
at P1 and P3 sensors. At sensor P4 (not presented) absolute pressure does not
drop below 1atm and pressure drops at P2 (not shown) are a bit stronger than
at P3. One can see typical CS effects are not expected at P3, however, bubbles
of vapor are surely created. This conclusion was also acknowledged earlier, for
similar experiments performed for a more rigid pipeline [29], where the reader
can find photos of various types of cavitation processes — strong CS effects near
the valve and individual bubbles at some distant places from the valve.
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Fi1G. 15. Pressure runs for L3 support configuration and W20 IC measured at P1 or P3.

6. Conclusions and summary

In the paper analyses of water hammer runs with column separation ef-
fects are presented, based on results of experimental measurements conducted
in a dedicated, complex, laboratory pipeline compound of several straight pipe
reaches joined with knees and fixed to the foundation with elastic supports.
This elastic pipeline supporting system was the reason of strong dynamic fluid
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structure interaction. Such unique, experimental results constitute a valuable in-
put into systematic research on water hammer phenomena in various scenarios.

An important and valuable conclusion found, is that CS effects were stronger,
thus the time duration of the first vapor cavity was longer and the severity in-
dex higher, for the pipeline fixed with more rigid supports — this problem and
its specific analyses are discussed in Section It was also estimated that the
energy dissipated within CS events was quite large, and larger for stronger CS
effects, thus for higher severity indexes. These losses may have internal origin
caused by irreversible thermodynamic phase transitions between liquid and the
vapor as well as complex energy dissipation in the viscous flow of vapor-liquid
mixture. Another reason could be increased vibration and acoustical effects. The
strong pipeline vibration was especially involved due to FSI, after collapsing of
vapor cavities and the collision of a water column at the pipeline end. Secondary
water hammer events of very steep pressure jumps were produced then, which
have involved the strong structural response of higher frequencies and pressure
oscillations produced by FSI. A challenge and intention of the author for fu-
ture research will be to develop models of the WH-FSI phenomenon with CS
effects enabling the simulation of the observed behaviors.
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