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The rapid closing or opening of a valve causes pressure transients in pipe-
lines. The phenomenon is known as a water hammer. The valve closure can
result in pressures well over the steady state values, while the valve opening
can cause such low pressures that the flowing liquid vaporizes inside the
pipe. If the pressure induced exceeds the pressure range of a pipe given by
the manufacturer, the pipe may rupture. This unsteady state phenomenon
deals with the change between the kinetic and potential energies, which
may be positive or negative.

In the paper, the capabilities of the RELAPS code to correctly repre-
sent the water hammer phenomenon are shown. The paper presents a com-
parison of RELAPS calculated and measured at UMSICHT test facility
water hammer values at various water velocities after a fast closure of a
valve. The influence of the calculation time step and control volume sizes
in pipe components on the computation results is presented as well. The
analysis showed that the RELAPS5-calculated first pressure peak matches
the measured value of pressure very well, but concerning the following
pressure peaks the measured pressures are higher and peaks appear with an
accumulating time delay. A comparison of UMSICHT test facility experi-
mental results to RELAP5, MONA and FLOWMASTER calculation re-

sults is presented as well.

Key words: UMSICHT, RELAPS, water hammer

1. INTRODUCTION

Pressure surges occurring in pipeline systems may
be caused by a fast control interference, start up
and shut down processes and operation failure as
well as flow rate fluctuations. They lead to the water
hammer upstream the closing valve and cavitational
hammer downstream the valve, which may cause
considerable damages to the pipeline and the sup-
port structures. The typical scenarios for the origin
of water hammer are the fast closing valves trig-
gered by the breakdown of auxiliary power and fast
control interference. The fast deceleration of the
liquid results in high pressure surges upstream the
valve, thus the kinetic energy is transformed into
the potential energy, which leads to the temporary
pressure increases [1]. This phenomenon is called
water hammer. The intensity of water hammer ef-
fects will depend upon the rate of change in the
velocity or momentum.

Generally water or steam hammer can occur in
any thermal-hydraulic systems and it is extremely

dangerous for the thermal-hydraulic system since it
can lead to the failure of the pipeline integrity. How-
ever, water hammer is more frequent in various hyd-
raulic systems, therefore, the objective of this ana-
lysis is to validate the RELAPS code model by com-
paring the numerical water hammer results with the
experimental investigation ones of water hammer
phenomenon performed at UMSICHT test facility.
Such validation will allow to develop RELAPS5 code
model for the analysis of accidents with the pheno-
menon of water hammer for the nuclear power
plants.

2. UMSICHT TEST FACILITY EXPERIMENTAL
CASE

For the RELAPS analysis we consider a water hammer
test performed at Fraunhofer Institute for Environmen-
tal, Safety and Energy Technology (UMSICHT) at
Oberhausen, Germany. These water hammer experi-
ments have been initiated under the WAHALoads re-
search project of the 5" Framework Programme of the



2 Algirdas Kaliatka, Eugenijus Uspuras, Mindaugas Vaisnoras

European Union. The existing
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with EDF, Clamart. Fluid dynamic
loads, global structural response and |
the possible fluid-structure interaction
were investigated experimentally.
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The experiments were conducted '
using the dynamic behaviour of clos-
ing and opening valves in a steady-
state liquid flow. The geometry of
the test facility is shown in Fig. 1
[2]. The test rig design includes two
240 m pipes with high and low levels (difference in
height: 10 m) and the inner diameters 54 mm and
108 mm respectively [3]. A centrifugal pump produ-
ces a steady-state flow from the storage tank (B2)
through the pipework with the inner diameter
108 mm and approx. 200 m in length back to the
tank (see Fig. 1). The tests were carried out with
water at room temperature and in the range of the
initial velocities v, between 1 and 6 m/s. The tran-
sient was initiated by a rapid closure of a valve
(built in at Pos.1) at an initial time t = 0 s. During
the first phase of the transient, a rarefaction wave
was travelling inside the pipe towards the down-
stream reservoir. As a consequence, the cavitation
occurred downstream the valve.

Within the test facility, measuring data are trans-
ferred via optical fibre transmission and saved in a
transient recording station with a professional softwa-
re. The liquid pressure and the wave velocity are mo-
nitored with pressure transducers (P01-P23). Steam/
air and fluid distribution in the cross-sectional area of
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Fig. 1. Pilot plant pipework (UMSICHT) schematic diag-
ram [2]
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Fig. 2. Example of the result of PPP experiments, cavitation produced by
the quick closure of a valve [6]

the pipe is measured with wire-mesh sensors [4]. For
low steady state liquid velocities (v < 2.5 m/s), the
flow profile downstream the valve is monitored with
a high speed camera [5]. The liquid flow velocity is
measured with an ultrasonic appliance. The time frame
resolution of all measurement systems described abo-
ve varies between 1 and 10 kHz.

The objective of the pilot plant pipework (PPP)
test is to predict the propagation of the pressure
waves. After comparative calculations it will provide
information on how flashing is predicted by the code.
Experimental data (pressure measurements) with
three different steady state water velocities (2 m/s,
3 m/s and 4 m/s) are available for the comparison.
An example of pressure history downstream the
valve at a steady state water velocity 4 m/s is shown
in Fig. 2 [6].

3. SIMULATION WITH RELAP5/MOD3.3 CODE

The model employing the RELAP5/Mod3.3 code was
developed according to the experimental facility
(Fig. 3). A two time-dependent volumes (components
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Fig. 3. Pilot plant pipework (UMSICHT) RELAP5/Mod3.3
code model nodalization scheme
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“500” and “650”) with different specified initial pres-
sures to obtain steady state liquid velocities (2 m/s,
3 m/s and 4 m/s) were simulated in the model. Such
an approach has allowed to refuse modelling the
pump that operates in the actual piping system of
the facility. The piping from the tank upstream the
shut-off valve (component “754”) was simulated
using the pipe component “753”. The segment of
actual facility piping with the bridge downstream
the valve was modelled using the pipe component
“755”. The last segment of piping with the ramp
was modelled employing the pipe component “758”.

Using the RELAPS code for water hammer analy-
sis, a very close attention must be paid to the control
volume (c. v.) size and time step. These two factors
were considered very carefully in this analysis. The
acoustic wave Courant limit is the time required for
the wave traveling at the sonic velocity to pass through
any given model control volume. Since the sonic velo-
city can be quite high, the time step usually has to be
reduced to a rather small number. For the selection of
a suitable RELAPS calculation time step, the analysis
for different ratio of current time step (dt) and cur-
rent Courant time step (dtcrnt) was assumed.

A number of RELAPS calculations with diffe-
rent control volume sizes for the pipe elements
“755” and “758” was carried out to obtain the pres-
sure peaks without a high rate of change at steady
state water velocity 3 m/s (Figs. 4 and 5). In Fig. 4
it is shown that dividing the pipeline component
“755” (pipe downstream the valve) into more than
25 control volumes is not necessary, because it does
not influence the pressure peaks and the frequen-
cies of cavitational pressure peaks.

The following analysis was performed to estima-
te the influence of control volume sizes in the pipe
component “758” (piping with the ramp). The pipe
was divided into 6, 11, 15 and 20 control volumes
(Fig. 5). As is shown in the figure, for the pipe
division into six control volumes the pressure stops
to oscillate considerably earlier in comparison with
experiment and with cases when the pipe compo-
nent “758” is divided into 11, 15 and 20 control
volumes. However, dividing the pipeline component
“758” into 11 control volumes is enough, because
the further reduction of control volume size does
not influence the pressure peaks and the frequen-
cies of cavitational pressure peaks.

Thus, the model was employed to simulate three
different investigations for different steady state liquid
velocities (2 m/s, 3 m/s and 4 m/s). Figures 6, 7 and 8
show the pressure curves from the pilot plant pipework
(UMSICHT) experimental data (dot line) in compa-
rison with the calculated RELAP5/Mod3.3 code data
(continuous line). The pressure was monitored at po-
sition P03 (Fig. 2) downstream the shut-off valve [3].
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Fig. 4. RELAPS calculations with different control volu-
me sizes in pipe component “755” to obtain pressure peaks
without high rate of change at steady state water velocity
v, = 3 m/s
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Fig. 5. RELAPS calculations with different control volu-
me sizes in pipe component “758” to obtain pressure peaks
without high rate of change at steady state water velocity
v,= 3 m/s

The calculation results for the first two pressure
pulses match the measured values of pressure rea-
sonably well in the case with the steady state velo-
city 2 m/s (Fig. 6). Concerning the following pressu-
re pulses, the measured pressures are higher and
the peaks appear with an accumulating time delay
while the pressure in calculation employing the
RELAPS code stops to oscillate in approximately
5-6 seconds.
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Fig. 6. Pressure history for a quick shut-off of the valve
at steady state fluid velocity v, = 2 m/s
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Figures 7 and 8 show that the calculated first
pressure peak (i. e. time moment of peak appearan-
ce and maximum value of the peak) very well mat-
ches the measured value of pressure in case with
the steady state velocities 3 m/s and 4 m/s. The first
cavitation hammer is most dangerous and can lead
to damages of the plant equipment (valves, pumps,
pipe bends) up to leakage of the pipe system. The-
se damages have an impact on the plant availability
and plant safety, therefore, water hammer effects
investigation is important to ensure the safety of
NPPs. Concerning the following pressure peaks, the
measured pressures are higher and the differences
in the frequency of oscillations are observed also.

Figure 9 shows the simulation of the process for
the initial liquid velocity v, = 4 m/s. After the valve
has been closed, the pressure decreases to the sa-
turation pressure, which is close to vacuum. The
steam fraction increases and reaches a value of
about 0.8, i.e. the tube is almost completely empty
within the time span of 0-3 seconds. The water flows
back in the slug, the steam fraction decreases rapidly,
and then the steam is completely condensed. The-
refore, a pressure peak at the measuring position
(P03) downstream the check valve is observed, it is
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Fig. 7. Pressure history for a quick shut-off of the valve
at steady state fluid velocity v, = 3 m/s
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Fig. 8. Pressure history for a quick shut-off of the valve
at steady state fluid velocity v, = 4 m/s
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Fig. 9. Simulated pressure and average void fraction dow-
nstream the closed valve (p03) for an initial liquid velo-
city of v, = 4 m/s

caused by the collapse of the void in this place.
The pressure wave travels through the pipeline. It
is reflected at the entrance into the storage tank
and returns as the wave of pressure decrease. When
this wave reaches the closed valve, a new cavitation
bubble is generated. This process repeats several ti-
mes and a series of water hammers with decreasing
amplitudes is observed. The pressures of the follo-
wing cavitational processes decrease with time due
to the friction between the liquid and the structure.

4. COMPARISON OF EXPERIMENTAL
INVESTIGATIONS WITH CALCULATION
RESULTS OF DIFFERENT SOFTWARE CODES

The appearance of water hammer in thermal-hyd-
raulic systems was widely studied employing diffe-
rent state-of-the-art thermal-hydraulic codes in many
organizations. A comparison of UMSICHT test fa-
cility experiment calculations employing the RELAPS
code performed in LEI with the MONA and
FLOWMASTER calculation results [7] are present-
ed in this section.

Lithuanian Energy Institute employs the RELAPS
code to ensure the Ignalina Nuclear Power Plant
safety since 1992. RELAPS5 is a general-purpose
computer code for analyzing the thermal hydraulics
of a liquid/vapor/noncondensible gas mixture. It is
based on the two-fluid model in the two-phase flow.
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Each phase is governed by its conservation equa-
tions (i.e. mass, momentum and energy). This code,
being highly generic, has also found use in a variety
of fluid transient problems, including water hammer
analysis in piping systems.

The software tool FLOWMASTER originally de-
veloped by The Flowmaster Group (UK) [7] is used
for water hammer calculations in liquid transporting
pipes using the method of characteristics that is valid
for the one-phase flow. Additionally to the one-phase
calculations it is possible to calculate the cavitation
due to the pressure decrease behind (downstream)
the acting valves using the Discrete-Vapor-Cavity mo-
del [1].

MONA is a general flow simulator for steam-
water/inert gas systems and has been developed with
the objective of updating the hydraulic modelling.
MONA contains a set of 7 conservation equations
based on the modelling of three flow fields: the
bulk liquid or the liquid film at the wall, the liquid
droplet field and the gas or steam phase. Thus, 3
mass conservation equations, 2 momentum and 2
energy equations are solved [8]. The main diffe-
rence of the two cavitation models used in the
FLOWMASTER software code in comparison to the
3-phase-model used in MONA is that using the
Discrete-Vapor-Cavity model sudden changes of gas
content in the liquid (e. g in case of pressure de-
crease) cannot be calculated. Therefore, the predic-
tion of cavitational hammer in liquids that contain
gas may lead to pressure peaks and frequencies de-
viant from experimental data.

Figure 10 shows pressure curves from experimen-
tal data in comparison with simulated ones employ-
ing the RELAP5 and FLOWMASTER codes. The
pressure was monitored at the position P03 down-
stream the closed valve. The first cavitation ham-
mer (at t = 2.7s) matches the measured value of
pressure very well in the RELAPS calculation and
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Fig. 10. Comparison of experimental results and RELAPS,
FLOWMASTER (7] codes calculation results (pressure
for a quick shut-off of the wvalve at steady state
fluid velocity v, = 3 m/s)
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Fig. 11. Comparison of experimental results and
RELAP5, MONA [7] codes calculation results (pressu-
re for a quick shut-off of the valve at steady state
fluid velocity v, = 3 m/s)

reasonably well in the FLOWMASTER calculation.
Concerning the following condensation hammers, the
pressures calculated with the FLOWMASTER code
are too high and the peaks appear with an accumu-
lating time delay.

Simulating with the MONA code, the first cavi-
tational hammer is too low in comparison with the
measured data and the RELAPS5 calculation, but
the frequency agrees quite well with the experimen-
tal data (Fig. 11).

5. SUMMARY

In order to validate calculation software for water
supply cases, the pressure surge experiments were
conducted using the dynamic behavior of closing and
opening valves. In this paper, the RELAPS code is
discussed in comparison with the UMSICHT test
facility as well as the other software tools (MONA
and FLOWMASTER) [7].

The RELAP5 code has not been designed to
simulate water hammer. Therefore, to assess the
RELAPS code capabilities for a rapid valve closure
applications, it has been benchmarked against the
water hammer test performed at Fraunhofer Insti-
tute for Environmental, Safety and Energy Techno-
logy (UMSICHT) at Oberhausen, Germany.

The paper presents a comparison of the calcula-
ted and measured water hammer values of various
tap water velocities after a fast closure of a valve.
The influence of the calculation time step and con-
trol volume sizes in pipe components on the maxi-
mum pressure peaks is discussed.

Test calculations were performed varying the stea-
dy state velocity between 2 m/s, 3 m/s and 4 m/s.
The pressure increases on proportion to the steady
state flow velocity, i. e. a higher tap water velocity
leads to higher pressure peaks.
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The comparison of experimental results and
RELAPS calculations results showed that:

 the calculated first pressure peak (i. e. the ti-
me moment of peak appearance and the maximum
value of the peak) matches very well with the me-
asured value of pressure;

» concerning the following pressure peaks, the
measured pressures are higher and the peaks appe-
ar with an accumulating time delay;

» the pressure peaks calculated employing the
RELAPS code stop to oscillate earlier in compari-
son with the measured pressures in the UMSICHT
water hammer test. The rate of pressure pulse de-
cay depends on the liquid steady state velocity. For
lower initial liquid velocity the pressure pulses stop
to oscillate faster.

Analysis of the RELAPS code model validation
by comparing the numerical water hammer results
with the UMSICHT test facility experimental inves-
tigation data on water hammer phenomena was
performed. Such validation allowed to develop the
RELAPS5 code model for analysis of accidents re-
lated to the phenomenon of water hammer at nuc-
lear power plants.
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RELAPS PROGRAMU PAKETO PATIKRINIMAS
MODELIUOTI HIDRAULINIO SMUGIO REISKINI
PANAUDOJANT UMSICHT EKSPERIMENTINIO
STENDO MATAVIMU DUOMENIS

Santrauka

Siame straipsnyje pateikiamas hidraulinio smiagio reiski-
nio modeliavimas panaudojant RELAPS programy pake-
ta, skaifiavimo rezultaty palyginimas su eksperimentiniy
matavimy, atlikty Vokietijos UMSICHT eksperimentinia-
me stende, duomenimis esant jvairiems pradiniams fluido
tekéjimo grei¢iams. Darbe jvertinta skaiciavimo laiko Zings-
nio bei kontroliniy tiiriy dydZio vamzdzio elemente jtaka
maksimalioms slégio reikSmeéms. Analize parode, jog pir-
mas slegio pikas, apskaiciuotas naudojant RELAPS pro-
gramy paketa, labai gerai sutampa su iSmatuota slegio
verte, bet véliau atsirandancios slégio pulsacijos matavi-
my rezultatuose turi didesne amplitude bei skiriasi pasi-
kartojimy dazniu. Taip pat straipsnyje pateikiamas gauty
rezultaty palyginimas su skaiiavimais, atliktais kity auto-
riy, naudojantis MONA ir FLOWMASTER paketais.
Raktazodziai: UMSICHT, RELAPS, hidraulinis smugis

Aasrupaac Kansarka, Esrennii Ymmnypac,
Munpayrac Baiimnopac

ITPOBEPKA TTPOTPAMMHOI'O ITAKETA
RELAPS MOJAEJINPOBATH SABJIEHUE
I'NJAPABJIUYECKOI'O YIAAPA, UCITIOJIB3YA
MN3MEPUTEJ/IBHBIE JAHHBIE
SKCIIEPUMEHTAJIBHOI'O YYACTKA
UMSICHT

PeszwowMme

B crathe mpencTaBieHBl pacueThl SIBICHUS TUAPAB-
JINYECKOTo yhapa ¢ ucrnojb3oBaHueM koma RELAPS,
CpaBHEHHME DACUETHBIX PE3YyIbTATOB C pPe3yJbTaTaMU
9KCIEPUMEHTAJIbHBIX H3MEPEHUH, BBHIMOJIHEHHBIX Ha
akcriepuMenTanbHoM ydactke UMSICHT (Iepmanus)
JUI Pa3lUYyHbIX HAayaJbHBIX PACXOJOB BOJBI IMOCIE
OBICTPOrO 3aKpBITHS KJamaHa. Takke MPeACTaBICHO
BIMSIHME IIara BPEMEHM BBIYMCIEHHUS U DPa3MepoB
SYEUKH B KOMITOHEHTaX TPYObl K MAKCUMAIBHBIM MHUKAM
TABJICHUs. AHAJIN3 MOKa3all, YTO MEPBBIH MUK JaBJICHHUS,
paccuutannbiii ¢ momomsio koga RELAPS, ouens xo-
pOIIO COOTBETCTBYET M3MEPEHHOMY 3HAYEHHUIO [aBile-
HUS, HO YTO KAacaeTcsl MOCIEeNYIOIMUX MTUKOB JaBJICHUS,
OHM [0 aAMIUIUTYJE MOBBIIE, U NMHUKU IOSBISAIOTCA C
3aJIep’)KKoil Bo BpeMeHU. B cTaThe mpencraBieHo Takxke
CpaBHEHHE pe3yJbTAaTOB PACUETOB C PE3yJbTaTaMu pa-
CYETOB, BBHIMIOJHEHHBIX IPYTHUMH aBTOPAMH, HCIOIb3YS
konsl MONA n1 FLOWMASTER.

Kirouesnie cioBa: UMSICHT, RELAPS, ruapasnu-
4ecKuu ynap



